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Introduction 

The  last  decade  ha:-,  yee  r.  a  number  O'  aircraft  typer)  developed  which 
have  implem'uitud  developments  ii:  •  •ugine,  aerodynamic,  material  and 
avionic  foehn-  1  ■  -»*i  ■  t  a  m,  i  eve  i.  in  j- 1- ■  >  v  o::i»  •  1 1 1  r  in  opera  t  mnnl  effi.-'M.- 
i  .(Mu':):'  ,  To  ,r.l:ii',vo  i  # 'i  i  i  ! "  i  " :  1 1 : 1  tenePil:1  •  i:  :  near;  area:',  t  ho 
in  terms  of  research  -  der.  i  gn-dovelopmuiil  na:j  .  no runyeu  .at  an 
exponential  rate,  and  thin  has  been  i’efl"oted  in  a  iiener.nl  decline 
in  the  number  of  operational  front-line  liropaft.  Thin  phenomenon 
in  not.  unique  to  the  United  Kitwtfom;  an  Fig.  1  shown,  the  trend  is 
very  similar  in  the  United  hUnleo.  This  trend  lias  led  to  the  devel¬ 
opment  of  the  multi-role  aircraft  concept  in  which  an  aircraft  is 
expected  to  perform  hot h  air-air  combat  and  ai r-ground  attack  roles 
in  some  instances  during  one  mission;  this  naturally  requires  all 
the  relevant  cockpit,  display  controls  for  both  roles  to  he  installed 
within  the  cockpit, 

Tiie  aircraft  which  have  ul  t.  imo  le  ly  achieved  service  status  have 
also  been  faced  with  a  daunting  array  of  highly  sophisticated  ground 
defences,  through  which  to  pass  to  a  target..  As  an  example,  Fig.  P 
shows  tiie  capabilities  of  just  three  current,  systems  and  shows  that 
the  only  real  hope  of  arriving  at  the  target  is  to  fly  at  high 
speed  at  very  low  lovei  ,  thus  reducing  exposure  time, 

Tiie  cockpit  designs  which  have  developed  during  this  period  have 
been  based  largely  on  expediency,  nearly  always  with  a  lack  uf 
design  lead  time,  and  the  increasingly  less  warrantable  assumption 
that  tiie  pilot  is  adaptive  enough  to  learn  how  to  deal  with  these 
even  more  complex  systems. 

To  make  matters  worse  there  has  been  u  parallel  trend  towards  single 
seat  aircraft.  The  increasing  complexity,  together  with  inadequate 
thought,  or  Lime  for  thought,  as  to  the  limits  of  human  ability  tins 
led  towards  the  pilot's  being  literally  "saturated"  with  displays 
and  controls. 
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Thin  paper  will  review  li  i  s  luv  i  cm  1  cockpit  deve  lopmen  t.  in  response 
lo  the  expanding  I'l  ight  envelope  and  t.tie  need  to  improve  operat  ionnl 
ef  fee  t.  i  vetiesn  amt  will  allow  the  impart  of  thin  on  the  number  ami 
type  of  cockpit  displays  ami  controls.  Tne  paper  will  then  discuss 
t  lie  •’urrenlly  proponed  extensions  in  capability  for  t.he  next  genera- 
l.  ion  ai  r.c  ra  t’ t. ,  ])i  nrunr.  1.  ■  ’  n  will  then  no  directed  Inward:*  t.he  diffi¬ 

culties  there  ex  i  enr  i  'iis  will  eaune  and  porn  i  e!e  me  a  tin  ,  such  an. 
reclined  neat:*.,  •Meet  re  optiral  displays.  digital  data  t  ra  unitn  :■■■.'■  i  rn 
etc.  which  can  be  used  to'  resolve  them.  Finally,  the  paper  will 
take  it  abort  look  into  t.he  future  of  cockpit  display  techniques  and 
their  poise! hie  impacts  on  cockpit  design. 

2 .  Historical  Cockpit  i'evolormei.t. 

The  first  identifiable  aircraft  was  the  Weight  Flyer.  The  "cockpit" 
contained  only  two  levers,  one  for  rudder/w  i  up  warp,  the  oilier  for 
elevator.  This  simple  layout  was  acceptable  as  the  pilot's  tusk  was 
simple  -  "Stay  aloft  as  lone  as  possible".  This  degree  of  simplicity 
did  not  remains  an  the  quest  for  increased  performance  grew,  monlt- 
oring/cont  ro'l  of  the  very  fickle  engine  became  as  important,  as  con¬ 
trol  of  the  flying  surfaces  and  this  led  lo  the  introduction  of 
mixture  controls,  igniter,  pressure,  rpm  and  fuel  flow  displays  - 
the  "rot"  Imd  started. 

By  the  start,  of  the  First.  World  War,  i  tie  now  commonplace  layout  of 
the  cockpit,  had  developed  -  the  pilot  seated  upright,  a  central 
.ioy-s  t.  i  ok ,  t.he  throttli*  mounted  on  the  loft,  and  prime  displays 
reflecting  the  aircraft's  systems.  An  example  of  the  First.  World 
War  cockpit  in  t  hat  of  t  ho  SIT'A.  and  this  is  shown  in  Fig.  The 
SH^A'b  major  role  was  that,  of  air  defence/air  combat.  The  pilot's 
data  assimilation  tank  was  relatively  simple,  with  indications  of 
speed,  height,  heading  and  rpm  being  presented  in  the  cockpit,  hut. 
the  increasing  speed  and  altitude  had  dictated  the  need  for  special 
clothing,  helmets,  padded  jackets,  goggles  and  scarf  1  As  the 
aircraft  of  t.he  hhio/'iO's  developed  and  expanded,  t.he  flight  envel¬ 
ope  physiological  problems  began  to  appear,  (.hie  such  problem  was 
d  iaorien  tat. I  on  canned  by  coni’  1  i  u  I.  i  ng  sensory  information. 
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Huri-W'  the  early  10 ••o':-  t n i :  =  prompt fii  the  development.  by  two  KAK 
Officer;'-,  Hciii  ' 1 1 1 : i  dohnr.ori  .'it  HAT,  i,1:»niborou/tii ,  of’  t  blind  flying 
panel  (Kip;.  h).  !’h i : •  panel  in  located  direct  lv  in  front  ol'  Ha 
pilot,  below  the  coamiiu',  to  alio-.-:  tie-  pilot  to  move  hie  -it  t  <  ■ ,  1 1.  Loti 
rapidly  between  ij]e  vital  dirpLay.  and  outnile  world  1 1  n  ■  i  t  )i  i  ■  l.-d 
to  the  moviti.”  of  other  dirplayr  into  the  mint1,  p.  riple  ral  field 
of  vi'-w.  The  pit  f  i  ■  -e  reel. pit.  'fill.  '  '  1  f  t  i  -  ■  -i !  ,  i  1  ‘  i  tin-  blind 

!’  v  i  II"  I  a:  II'  1  it.  till  .  •  e-  I  l’e  -l,-i  I  rn  I  t  i  I  e  ,  ...  t  1 .  ft,  : 1  . :  - 1  J .  - 

World  War  II  more  roptei.  1  ieated  opera t  ioi.al  equ.i  jjiii* - 1 1 1  •  1 1 : - o  earn, 
into  nervine,  one  It  an  rt.vro  ftnn-.'i/'litn,  air-t  o-rround/nir-to-nir 
co  nunieat i on.  Ail  of  there  required  their  own  dirplayu  and 
controlr-i  the  cockpit  war.  quickly  hecomin;';  overcrowded. 

One  would,  T  think,  have  expected,  with  tli-'  i  nt  rodue  1. 1  on  of  '.In-  j.-t 
online  at  the  end  of  the  Second  World  War,  that  the  t’ i r:  1 1 1 ■  r  o-iflkpit 
would  simplify  quite  dramatically,  noma  were  convinced  that  it  would. 

In  fact  it  did  not  and  the  Hunter  V-  cockpit  (l-'i />;.  0)  i  1  1  ur.trat o;! 
thin  point.  A  moot  rifttii  f  icant  ir.novat  i  on  war.  the  rulin'"  by  the?  Air 
"iniatry  in  dune  1'lV,'  t.hat.  ".11  new  jet  aircraft  weald  have  an  ernei'pency 
eject  ion  neat,  fitted,  I'ilovr  d  .vim"  the  early  jet  ape  bopan  to 
experience  regularly  the  problem.-  of  hlr:h  rur  tamed  acceleration:'., 
although  too  introduction  to  there  probHann  dated  back  to  the  dive 
bombers  of  the  I i»-C' ’lid  World  War.  To  co-bat  t  here  p.rol' 1  emu  the 
1  not  i  tube  ol'  Aviation  Medicine  developed  tin  anti  *  ?“  ’  .-nit,  a  pair  of 
tron.  ich.  inflate  in  i-.'nponro  t.o  i  tin  oared  * *  force:',  thur 

I'e.t  r  ict.  i  nr;  t  it**  rn.aor.i'y  ment  of  tin-  lower  body /l  ,-rr  -,-.th  flo-'.i, 

Over  the  next  :>\  decade.-,  rlitni.  f  icanl  -level  opni.-nt  i:,  w<  apon  -ya.tem 
complexity  took  place,  I  opy-trer  with  further  •  xt.en.-.  i  on  of  the  u  dle 
flight  envelop.,-.  lut  1'i’cept.ri’  aircraft'  ho/yui  to  make  ur-e  of  radar. 

KLi : .  7  : biow: '  the  I ,  iph  in  i  nr.  ■'  co-'kpit  in  whirl-,  the  radar  d  irp.l.ay  ean  bo 
neon  birth  on  the  inntrunu-nt  panel,  ailowitir:  the  pilot  to  t  ran.  for  bin 
attention  very  rapidly  between  dm  pi  av  ,and  Hu  outride  world. 

Hove  fop  iri'i  electronic  t  ei::.uo!.o)'lv  provided  tin*  pi  lot  i  t.i  tin-  'lead-bo 
i'irpluy;  t  here  allowed  the  pilot  for  the  fi.i-.t-.  time  to  view  the 
ni;':l]t  data  r.uperimpo -.ed  on  the  outride  world.  Operat  ioii.n.1  effect  ive- 
n err:  war  i no roared  by  Hie  introduet  ion  of  larer  marked  target -re- kern, 
inertial  navigation,  H  act  ramie  r  ount  er-mear.iirer.  .-tc,  bach  of  th-  re 


7 


'  •  •  !'■  I  11'  1  !  l :  J  •  1  ur-.-.l  <;  :,t  »*«.«  1  .*  ,  V/!  .1C!,  jo.;  tlt-d  tor  pOsi  t  i  Oil 

'i-.ii.L.  A  '  -I  o-.  .  -  L  i -in  offer.  -i  i  pm  f  i  <  - •  1 1 1  op.-rat  i  oral 
I  ;  .  I  ■  ‘  ■  ■■  '  :  •  1 1  !%!••  ■  ■  -if.  I-  i  :  1 .  t : 1 1  1  ! ! . '  ■  rr. ,  >l>  .  '•  pi  t  <  •  t  lie 

■ .  •  ;  i"  ■■  .'"i  i  1  i  1'i'i  , 

■r  •  .  ■  ;  1  •  -i  :  ;  l  1 1  a  i  r<-  ra  ft;  i .  p  i  :  .|.  :..g:  ol'  this  period, 

ir.  .  "■  .  .]  ,  ..is  ews  i  h<  •  ■ .  ,tl  _llj.  !  i  .pl.-iv 

■  ,  ’  .  .  ■  v-  it  -;.—  i  i  v.  i  ■ ; ■  -  i  : ,  i  !'!.  P  t  i  •  Is;-,  a 

I  i  |- 1  l  1 1  I i  Vr::  "OVi  !ii'  lU-'ip  display  i"  I  OW  ,  Flight  ;tom  displays  on 
I  i ,  ■  ■  1  •  ■  f  t  ,  and  a  significant  collection  of  online  and  fuel  displays. 

It  i  •  cl-  ■ir  t.t.-it  cockpit..;  nave  broom-  very  crowded,  -\leo  during  this 


p-  t’.to-l  t 

■  first 

op-  rat 

he.al  V/sfl 

1.  airer,,ft,  the  ilarrier,  entered 

n-l-V  ice. 

ill  v  i  ■ 

•W  Of  th- 

■  t  i-ans.i  t  is; 

,ai  flight  capability  of  this 

a  i  re  i ■- 1  ft  , 

i  1  m  ir 

'll  t  n.  t1 

iOiudit  that 

tin-  cockpit  would  coni  'in  many 

unusual  f 

■  a  t  ui-  .. 

.  As  F 

if-,  9  'sows 

it  does,  not,  tiu.-  only  unusual 

ai.uro  i'inr  tie-  add  i  l  i  •  >•  al  1-  ver  on  the  throttle  box  .  This,  when 
pu.-'vd  forward,  rotate;-,  :.ne  tiov,  l.-s  aft;  l o  accelerate  the  aircraft 
f or ward, 

ih.  pilot.’:;  attire  camr-d  Further  difficult ioa  daring  this  period. 

In  ‘he  h.K.  tin-  l.A.M,  devt  l  op-  -d  in  r-'sponso  to  the  changing 
operational  situnt  ion,  various  liquid-cooling  suits,  air-ventilated 
rait;,  -uni  cio  re  up-to-dat.e  c’u  mical  defence-;;  its,  moat  of  which  Were 
introduced  into  service  with  various  degrees  of  success,  to  the  dismay 
of  -.r-rtte  pilot's  who  longed  for  silk  scarf  days. 

i  tig  in  the  -  ar'y  VO'.-  that  tlie  growth  in  cockpit  display/controls 
with  all  m  w  aircraft,  was  n-l.-i-.t  lessly  taking  an  increasingly  steeper 
upward  trend,  various,  organisation;  in  the  U.K.  and  the  U.S.  began 
invest  i  rations  into  ways,  of  r-  versing  this  trend.  The  first  aircraft 
likely  to  enter  service  wnich  will  have  benefitted  from  these  studies 
are  the  Mcltonn.  i  1  boughs.-  A V -  ;  and  FIX  hornet,  ill"  AV-8B  cockpit  is 
shown  in  Fig.  10.  un  inspection  one  will  note  a  Multi-l'urpose  Display 
on  tiie  left  side.  This,  display  is  a  significant  step,  as  it  allows  the 
pilot  access  to  such  systems,  as  navigation,  stores  management,  via 
the  peripheral  keys  and  displayed  legend.  It  presents,  on  selection, 
w>-ai on  delivery,  navigation  and  radar  warning  data.  This  display  is 
also  utilised  d  iring  routine  ground  maintenance  to  display  check-lists 


.’ii. -I  to  cost rol /display  the  aircraft's  b.ilt-in  test  lac  i  1  i  t  i  er.,  Un¬ 
important  innovat . on  which  i  i;  i allowed  the  implementation  of  ;;uch  a 
vof  at  i  to  display /c -nit  roll  or  is  digital  data  transmission,  the 
o-r.-  i  L 1  .etl  •  ;-a*a  run '  concept,  and  if  in  important  tn  dwell  upon  inis 
for  a  moim-nt .  !■'  1  .  11  snows  a  typical  Implomen1  at  ion.  In  philosophy 
I.'  v.  I  i'"v  i-.'i.i  \  <•  lik'-u'd  to  a  t  o  1  (')dioiii-  system  by  which  various 
■  :  c  r  1 1  "t’r  .  in  this  i  ■  •  i . -  iv'oni-  .  ■  ul— .  y  t- . ,  mas  if  interfac'd, 
data  bun  ran  be  r.t  rue  tured  t«.  opt  rate  in  a  num-.  ■  r  of'  dil'fi-rent 
inotiea  t those  currently  being  a  topic  of  intensive  studies  within  the 
aerospace  industry).  Kcr  this  example  1  will  consider  a  data  bun 
w’a i eii  operate:-,  in  a  command/ response  fr.ode.  In  this  mode,  when  a 
Ot'cUpi  t  .  id  —  yr.tom  requires  an  action,  e.g.  a  switch  c  .ango,  a  status 
word  ir  changed  at  the  R/T.  When  the  bur.  controller  which  continuously 
monitors  tie-  sub-sys  terns  reach-  r.  tlio  changed  status  word  it  inter¬ 
rogates  that,  out'-ryr. t em  to  er.t.abliuh  when  contact  can  be  made. 
Appropriate  con'  act  ir.  .-stablisheci  for  a  defined  period  of  time.  On 
complet.  on  of'  the  ta.uk  tfu;  rtatun  word  in  again  changed  and  the  bus 
controll--r-  removes  tin-  link.  This  provider,  a  number  of  obvious  system 
advantages,  The  moot  significant  in  term:;  of  cockpit  d<  sign  is  that 
rub-:  yr, terns  need  no  longer  be  linked  by  point-to-point  wiring.  This 
provider  the  ability  to  rationali-e  control  panels,  reduce  switch  body 
r.  La  on  and  re-conf  i  gure  displayed  data  in  the  even'  of  display  head  or 
driver  failure. 

The  F.l'H  hornet  expands  the  concept  of  the  AV-8R  ■■ml  for  the  first 
time  has  achieved  a  reversal  in  the  trend  towards  more  and  more 
cockpit  display:;.  Also,  as.  will  be  seen  from  Fig.  If,  the  dedicated 
flight  instrumentation  has  been  relegat'd  to  a  position  low  down  on  the 
right  hand  side.  This  cockpit  has.  three  displays;  the  Master  Monitor- 
Display  for  presentation  of  caution/advisory  information,  air-to-ground 
weapon  delivery  tind  management,  built-in  tent  and  navigation  mode 
selection?  the  Multi-Function  Display  which  presents  radar,  aircraft 
altitude  and  pertinent  sensor  or  tactical  dais.  Doth  of  these  displays 
provides  a  back-up  for  the  other  in  the  event  of  failure.  The  third  is 
a  Horizontal  Situation  Display  which  shows  moving  map  •■nd  other  short 
and  long  term  navigation  lata. 

At  this  point,  let  us.  summarize  the  theme  of  tin-  paper.  Since  the 
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'  ar  l.,v  ■  I :  i of  1“  1  i  ■”>  s  i  i  in.-  ini.w-r  to  t  hr  i  m:  reas  i  ng  : .  opt  ir;t  i  cat,  i  on  of 
ground  ilffi-m:-  s  "in ■  1  the  rcqui i-i  im-nt  i  t  :  ncroas.ed  ini;  . 'ion  effectiveness 
Iris.  I--  ii  to  increase  tin-  il  i  splay: ;  control:  within  the  cockpit, 

!■  ill.  1-  L  1  111.  I  l"i  t  I  ■ ;  I  !  i  i : :  growth.  If  this  Imi'l  *•■]■<  to  proceed 
uru-iit  cki-il  L  t.  i  ■■  i*n-vi  table  C  i  f  not  a  1  *  •  i  ■  ■  n  I  -/  the  ease  1)  that  ttv  pilot 

■  ■  I ;  l  •  1  lw  1  i  I  i-i-.'il  1 y  .  I  ui'-'it  I  [|  witn  con  ol.  cl  i::pl  .  file  I',  1.8 

ii'i'u1  t  ow  t ! !.- 1 1  t-i-'  I  end  I  i  ■  i .  l.ri'ii  quilt  i  i'::  L  f  leant.  1 ;;  r>  ■  Vi  ■  r r  ■  cl ,  in 

"i- ■  1  ,  i.  th-  1“  iii  •  nw.  ,  •  r,  i 1-  v-  1  nf  In.  v."  I  1  -  loved  limit  i-r.  I 

t-i- 1. i.eve  it  shoul i  bo  possible  to  rocliici.-  thin  quantity  of  diuplay.u  even 
further  to  ti-l.ow  tho  tipi  l  fi  ro,  for  < xnmplo. 

Ouckcit  benign  for  the  Future 

Ivi'oro  tie  future  cockpit  can  be  ,1  i;:c u:~; ■-> -d ,  a  brief  description  of  the 
future  hif’h  performance  fight-')'  concept  ir.  required,  Current  studies 
within  the  tt.K.,  . A .  an-l  in  Kurope  are  dir  oc tod  towards  aircraft 

which  can  perform  clone-turn i nr  combat:  over  their  full  Mach  number 
r  uigc  from  their  lift  limit  to  their  structural  design  limits  at 
altitude:',  up  to  at  lea  't  , '’0,000  ft.  The  nr  concepts  employ  combinations 
of  ouch  aerodynamic  techniques  ns  wing/body  blending,  swept-f orward 
wingo,  forebody  canards,  etc.  to  allow  exploitation  of  the  high  thrust/ 
weight  ration,  now  provided  by  the  implementation  of  new  engine 
technology  and  structures  designed  using  advanced  mat' rials  ouch  as 
carbon  fibre  composites.  The  benefits  of  t'-ncli  advancers  show  up  in 
tennis  cl'  tuniini"  capability.  Fig,  lh  .-■how how  one  new  design, 
kookwr-  1.1c  IliMAT  i Highly  Manoouv  rmbl  e  Aircraft  Technology),  has  an 
expected  turning  ■■apabi I i ty  twice  tha!  of  I  ho  F.lf.  The  future  high 
performance  fighter  will  Vise  feel  a  significant  .impact  on  it:;  system 
design  caused  by  the  .introduction  of  cheap  computing  power  and 
improving  electro-op’  ical  display  techniques. 

The  problem  of  the  integration  of  these  new  technologies  and  the 
revers, al  of  the  old  cockpit  design  philosophies,  is  the  one  which  is 
currently  being  addressed  by  design  teams  at  various  British  Aerospace 
Hites.  As-  was  indicated  earlier,  high  sustained  turning  capability 
introduce;;,  physiological  problems  Tor  the  pilot.  The  anti  'g'  suit, 
however,  re'Li-  vs.  these  only  up  to  the  1-6  'g'  level.  The  turning 
capabilities,  being  investigated  range  from  8-1,1  'g'  sustained  for  up 
to  ‘5  minutes..  It  is.  obvious  that  some  additional  'g1  alleviation 
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mechanism  is  c  quiivd.  Hy  r-  el  ining  Hu-  pilot  to  the  'g*  vector 
significant  Inc  i-i-ascs.  ia  V  tolerance  cm  bo  oi  I  a  i  tied  i  tui;  ,  nowi  vr, 
causes  problems  relating  to  viw,  reach,  <g«vtiou,  1  ic.  sur 
compromise  approach  is  I  In-  adoption  of'  the  art  ic  ul  at.  .-d  .■■•it,  A 
particular  seat  geometry  has.  In-,  n  developed  to  allow  the  pilot  to  move 
from  one  posture  to  the  other  witli  110  change  m  1  ho  rel  ntionski  >>  oi'  t  V10 
foot  to  1  ho  rudder,  hands  to  stick  or  t.hrot  1  1c,  :  1 1  - ■  1  to  maintain  a 
fixed  nvp  to  display  u  j ;  t  aiio  o .  If  tin'  pilot  ha  -  to  i  n  i  1  i  -  •  t  r  •  ejection 
from  tiin  reelin' -I  position  t  !io  :  ■  ■  t.  m>  an  ism  :a  tarn..  the  a  at  to  1  !  1  c- 
upright  position  in  0,01  seer.,  Thin  in  physiologically  ncca-ptanl  c 
( baaed  upon  the  constraints  used  in  the  design  of  Command  ejection 
System)  and  in.  within  the  time  needed  to  Initiate  "through -canopy" 
ejection  or  to  jettison  the  canopy.  '1’he  u  e  of  an  articulated  mat 
does,  however,  pone  a  number  of  design  quest ions. 

Tho  major  question  relating  to  cockpit  display  layout  i.-,;  "How 
much  area  above  the  pl.'ot'n  kin-vs  and  below  the  l'.°  over  the  nose 
vision  line  remains  when  the  pilot  is  in  tin*  reclined  scat 
position  from  our  work  on  advanced  cockpit  anthropometry,  it  was 

defined  that  the  critical  design-case  for  this  c'le.nrnneo  war.  a  small 
bodied  pilot  (i.e.  ■'<  percentile  sitting  eye  height)  witli  both  a  large 
thigh  and  shin.  This  combination  provided  a  clearance  of  inches 
in  which  displays  could  he  installed,  Figure  1'  illustrates  this 
problem.  Anotlv  r  major  question  is  the  location  of  ’  lie  flight 
controller  -  must  it.  he  located  on  the  side  console  ?  Also,  in  the 
reclined  position,  the  pilot's  rearward  view  is.  impaired  (though  this 
is  a  problem  with  fixed  reclined  seats  too).  Finally,  the  pilot 
restraint  system  requires  careful  consideration  to  ensure  it.  does-  not 
Blacken  during  art  iculution. 

The  articulating  seat  then  allows  the  pilot  to  withstand  the  extreme 
physiological  environment  but,  without  rationalisation  of  die. piny/ 
controls,  the  pilot  would  till  be  mentally  overloaded.  To  ensure 
that  rationalisation  of  the  cockpit  control/display  data  is.  achieved, 
an  extensive  study  has  been  made  of  informal!  on/task  requirements,  for 
the  aircraft.  This  employed  n  technique  which  defines  a  mission  flow 
diagram  in  terma  oi'  broad  mission  functions  ouch  as  Climb,  -.'raise, 
Ground  Attack  etc.  and  then  define!-,  within  these  functional  system 
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requirements,  e.g.  "Monitor  and  Control  the  Aircraft",  "Navigate", 
otc.  Them;  system  functions  are  as-ossed  in  terms  of  the  total 
information/tasks  required  by  the  man/machine  system  to  achieve  theBe 
functions,  this  process  being  followed  by  an  a  a  ice  moment  of  which  tanka 
are  best  undertaken  by  the  man  and  machine .  Fig.  lf>  shows  the  concept. 

The  study  is  ongoing  but  it  has  allowed  the  adoption  of  the  following 
display  /control  synt  cm  which  is.  currently  under  evaluation.  Fig.  17 
shows  the  current  luyout.  As  stated  previously,  a  aide  controller  is 
installed  on  the  right  console  and  present  work  in  this  area  is 
addressing  the  problem  of  forces  and  physical  displacements.  At  the 
forward  end  of  the  left  console  is  the  Main  mission/syatem  keyboard. 

To  aid  data  selection  in  the  high  vibration  environment  a  sliding  type 
throttle  has  been  developed  which  provides  a  wrist  rest.  This  has  alGO 
had  the  beneficial  effect  of  making  the  throttle  less  obtrusive.  Both 
of  these  controllers  provide  a  llOTAh  facility.  The  forward  display 
suite  is  designed  to  comply  with  various  ergonomic  requirements  euch 
aa  optimised  subtended  visual  angle  at  display,  minimum  eye  scan  times, 
maximum  view  over  the  nose,  inclusion  of  full  aircrew  population  in 
terms  of  anthropometry,  and  additionally  to  comply  with  the  current 
thoughts  on  Systems  Reliability,  Display  den or at  ion  Redundancy, 

Display  Reconfiguration  etc.  The  Head-Up  Display  (1U1D)  Unit  to  comply 
with  the  previous  ergonomic  requirements ,  needs  to  take  up  little 
space  below  the  coaming  lino.  Th  ■  re  ore  currently  two  designs  being 
Investigator),  the  Marconi  Avionics  Multi-Combiner  and  the  Smith 1 3/ 
Hughes  Diffractive  HUD.  The  latter,  in  an  original  version  by 
Hughes,  1ms  been  flight-tested  in  the  SAAB  Vl'lGEN  arid  received  very 
favourable  pilot  comment.  Modelled  in  Fig.  17  is  th"  Marconi  Multi 
Combiner.  A  Head  hovel  Display  (11LD)  in  installed  directly  below  the 
I1UD,  to  achieve  minimum  eye  motion  and  provide  the  pilot  with  the 
ability  to  monitor  essential  flight  data,  while  tracking  a  target  for 
example  on  the  display.  The  display  currently  under  consideration  is 
the  Ferranti  COMF1)  unit.  This  unit  has  the  capability  to  project  a 
variety  of  display  formats,  including  radar,  raster  TV  air-to-air  and/ 
or  air-to-ground,  horizontal  situation  data  and  at  -  numeric  information 
from  a  CRT.  A  moving  map  unit  is  also  included,  the  image  from  which 
is  overlaid  on  that  of  the  CRT,  thus  allowing  such  data  nr  navigation 


12 


track,  time-dirt. mice  to  way-point:;  etc.,  to  bo  ovcr-wr i  tt  on  upon 
the  mnp  imai'f.  Tin'  HUD  and  1(1.1)  present  all  er.r.ent  i  al  f’l  ight  data 
within  Lliu  pilot's  n.-ar  field  of  view. 

Two  Multi-Purpose  Displays  (MIT)1;  )  are  positioned  i •  i. th •  r  side  of  the 
liUD/lIU)  under  the  coaming.  These  displays  represent  tho  -■  -.V ; t < -rn  work¬ 
horses  of  the  cockpit  a:.  they  present.  all  terns  information  and  arc 
ur.ed  in  conjunction  with  the  switch  panels  on  tin-  left  console  beside 
the  t.lirotlle  to  .elect  Weapon,  'ommun i cat  i on  and  (laviration  functions. 
The  seise lions  are  available,  bavins  heett  eut  ep.-.i  b--for-  flu"bl.  via  a 
portable  data  store,  the  data  being  generated  during  tho  pro -flight 
brief.  The  int.oractive  switch-display  concept  ham  been  developed  in 
an  attempt  to  eliminate  head-down  select i ono  which  are  a  source  of 
erroneous  input:;  and  also  induce  pilot  vertigo,  and  remove  the  need  to 
reach  forward  to  enter  selection. 

The  display  data  is  normally  presented  in  mission  phase  packages, 

G,g.  take-off,  cruise,  air  oombat,  etc,  Theao  are  selected  from  the 
keyboard  located  at  the  forward  end  o.f  the  left  console.  The  mission 
phase  packages  of  information  contain  only  that  data  relevant  to  the 
particular  phase  of  flight.  Fig.  18  shows  possible  displays  for 
Cruise  Mode,  while  Fig.  19  shows  the  changes  caused  by  the  selection 
of  Air  Combat  Mode.  To  allow  the  pilot  access  to  the  total  packages 
of  data  for  a  particular  system  ouch  as  engine,  fuel,  etc.,  a  set  of 
dedicated  keys  is  also  available  within  tho  forward  keyboard.  Fig.  ?.0 
shows  a  display  format  for  the  aircraft  fuel  system.  Also  included 
in  this  area  is  a  numeric  keyboard  for  the  insertion  of  such  data  as 
now  waypoints,  new  communications  channels,  etc. 

Referring  back  to  Fig.  17,  the  right  console  lias  an  interactive 
display  located  at  the  forward  end  which  will  provide  control  of 
Aircraft  sensor  systems  and  role  change  equipment.  The  other  controls 
are  basically  'once  a  flight'  in  nature  to  reduce  the  need  for  the 
pilot  to  remove  his  hand  from  the  control  stick. 

The  last  area  of  interest  is  the  pilot  warning  system,  this  being 
positioned  around  the  coaming  edge.  As  the  data  packages  present  only 
reduced  systems  information,  the  warning  system  takes  on  a  more 
significant  role  in  the  cockpit.  Our  current  approach  is  that  the 
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lights.  push-1  ut  l  i'ii  .  i- 1  i'i-  tori  •  wnicii,  w-ion  depressed,  would  initiate 
corrective  - 1  i  ■  *i i  and/or  pr'-s<:.l  apprspriat  c  uc  t  i  uns/data  to  the  pilot 
in  Mil’  I'unn  of  ■  l  I’i  I  rniii>:.'i  1  ly  ‘I  I  ;;p  1- 1  yi-cl  pilot1:;  notin'!  * 

Tlu'  current  . ■  tad i  i . :  I'i-mu"  mi-i'i! : 1 1  •. o i ;  on  this  enckpit  r"lnt.'-  to  the 

•  li’vo  I  upim  u1  of  a  r>  i  is. !:  uin -iil-’il  '  i'i"niioinii:  <  I  ■  i  itn  data  base  from  which  one 
can  •  1 1’.  ■  1  r:n  f 1 1 1  u  i '  ■  ■  ■  ■  O’  •  K  i  -  i  1 To  aei,  i  ”V>  thin  we  are  attempting;  to 

•  i  I  ■  V '  lop  a  I'lol'-;  of  l  o  pi  l  o  l  1  . ;  Hi-  1 1 1  -•  i !  anil  phy:  ■  i  taa  1  abilities.  Fig.  21 
.;  ,oW.  ■  :n  a  .  i  ;:i  j  1 1 1  ■  I  . -i-ii!  1 .  i  ■  i,  l'*i  1 1-  •  t  •  ■  n.  r-  iui.ro  c  on:  ■  i .  lopn  f  i  on  I'or  r.uch 
a  model.  It  .•■■how.  (ho  pilot  Invuig  input  sensors,  a  central  processor 
function  and  output  motor  function.  Also  requiring  consideration  are 
external  mollifying  Influences  r.uch  ar.  fatigue,  the  task,  adaption,  etc. 
For  many  years  psycho!  ogi  el .-.  liav-  inver.ti gated  the  human's,  performance 
and  have  produced  various  itiou.uiron,  the  most  common  being  the  ability 
to  procenn  pac k.npo. •.  of  data  in  computer  technology  -  hita/riec. 
proccnrii  ng  rate.  We  are  presently  attempting  to  apt  ly  this  work  to 
defining  a  quantitive  measure  of  the  pilot's  performance  during  a 
typical  mission.  To  achieve  this,  we  provide  a  prime  flying  taak 
(e.g.  a  single  axis  tracking  task),  this  is  supplemented  by  a  choice- 
reiiotLon  time  light  cancellation  secondary  tank.  We  measure  the 
"information"  content  of  the  flying  tusk  and  the  reaction  time  for  the 
secondary  tack  and  allow  the  subject  to  achieve  a  conointent 
performance  on  those.  A  third  task  in  then  introduced  such  as  reading 
a  parameter  for  a  display  or  changing  a  switch  state.  The  difficulty 
of  tins,  tank  can  lie  measured  in  terms  of  the  amount  of  attention 
(thus  degradation  in  pri-fut'innnc  e )  the  subject  diverts  from  the  main 
tasks.  Inch  lank  can  Mien  In-  modified  to  provide  optimum  attention 

a. 1 1  oca  Lion . 

4,  Future  Cun. si deration 

As  Technology  advances.,  r nii.-epts.  i.n  display,  data  entry  and  weapon- 
aiming  etc.,  which  have  previously  been  iinprae  i  Leal  i'or  the  cockpit 
environment,  began  to  hecunie  available.  Au  aircraft  manufacturers, 
the  temptation  to  install  new  equipment  "because  it  enhances  the 
product  and  everybody  else  has  it"  must  bo  Resisted.  The  approach 
should  be  one  in  which  each  equipment,  is  critically  appraised  in  terms 
of  the  increase  in  operational  capabilities  it  offers  and  the  impact 


14 


it  ha:''  oil  Ul«'  t  *  •  t.  -U  ].  :  ;y: :  l-  C>m  design. 

If  wr  start  with  >1  Lspl.ays ,  there  are  vari.ua  display  teclm  Lquefi 
under  lii'VcLopirii  at  such  ns  liquid  cry.  tnl  matrix  an  i  tain  film 
traic;  La  tor  (Tl-’T),  matrix  di  'plays  ■<  n<l  bn  rdesed  colour  -'IT's. 

I’t'i.-.ciitl.v  ,  1  i  tj  u  i  ii  drys.tnl  and  TM  panels  olf'-r  r'-'inc  Li  nn;  in  1  ho 
i  natal  lat  ion  volume  n  mit'il  in  ihe  cockpit,  wii  i  1  •  -  'olour  1  'dfi' ' off*  r 
the  ability  to  r-  ct  ■  a :  <  cor.  fa. .  i  •  n  i  by  tin-  present  a  I.  i  uu  r.f  c  .1  mil'  r:  •  1 1  rl 

data  and  colour  external  video,  Also  in  the  display  information 
presentation  area  thorn  in  a  growing  trend  towards  the  adoption  of 
predictive  tvpo  displays,  (>nr  typo  of  Landing  display  io  nhown  in 
Kig.  22  w!i  i.eh  allow:;  the  velocity  vector  superimpooed  on  the  desired 
flight  path  data.  Alno  nhown  are  nngl e-of-uttaok ,  flight  limitation 
and  energy  status.  By  superimposing  thin  on  the  outbid-  world  it  hna 
nhown  tlial  a  significant.  reduction  in  work-load  in  achieved* 

Recently  it.  hmi  become  posnlblo  lo  make  um>  ol’  the  concept  of  weapon- 
aiming  by  means  of  head  position  :.n  lining  in  conjunction  with  a  i.gli ting 
reticle  suitably  collimated.  These  so-called  llelmet-Mountrd  fights 
(I1MC)  have  been  evaluated  in  hath  fixed  and  rotary  wing  aircraft  for 
air-to-air  and  air-to-ground  use*  The  current  rynteins.  arc  1  united  by 
the  need  to  point  the  whole  head  towards  the  target.  Thin  is  not  a 
totally  natural  motion  since  sighting  normally  consints  of  gross  head 
motion  followed  by  fine  pointing  achieved  by  eye  movements.  Current 
research  is  directed  to  the  incorporation  of  eye  motion  detectors  into 
the  IIMS.  A  system  under  development  is  shown  in  Kig.  .'3  which  is  based 
on  Infra  Red  Techniques  involving  reflection:  from  the  cornea.  Rye 
motion  causes,  fluctuations  in  the  amounts  of  reflected  light  which 
cnufiseu  a  corresponding  voltage  variation  in  a  suitable  detector. 

^  Those  variations  are  inputs  to  equations  which  determine  eyeball 

\  position,  thuc  line  of  sight. 

\ 

5,  Conclusions 

1 

1 

--.j.  Today's  operational  aircraft  C"Ckpit  has.  evolved  .from  the  experience  of 
GO  yearn  of  powered  flight,  into  an  environment  in  which  the  pilot  is 
presented  with  a  very  complex  system  management  tank.  In  .■  .oiiil?  cases 
the  tank  is  so  complex  tiiut  operational  constraints  have  been  placed 
upon  the  aircraft  because  of  the  pilot's  Inability  lo  cope.  The 
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development  of  techniques  riuch  fir,  digital  data  transmission  (the 
Data  Hur.)  and  systems  r.ueli  ns  (.lie  microprocessor  during  the  1970'c 
hfi: ;  pi-ovidi'd  Lho  opportunity  to  investigate  new  methods  of  present i rig 
dutu  and  controlling  systems  from  within  the  cockpit,  These 
Invest  i '-at  ions  ii  ve  .Led  t.o  tin-  introduction  of  the  hat  a  Hus  find 
electronic  multi-function  head-down  displays  into  the  A7-M|j  and  F.lR. 
The ne  uy atoms,  while  inc roaring  ay a torn  flexibility,  reduce  the  number 
of  displays  with i a  lue  cockpit. 

Vs... 

Present  studice  within  tlie  U.K.  ^are  developing  thin  concept  further 
and  are  producing  cockpit  layouts  which  hear  little  resemblance  to 
present  generation  cockpit  layouts.  These  developments  pose  a  number 
of,  a,j  y  nl  unanswered  questional  such  ua :  - 

liow  do  we  train  the  pilots  ? 

Itow  will  the  iiervioea  support  the  proposed 
integrated  Systems  ? 

ilow  does  industry  unsure  the  product  which 
is  supplied  in  an  improvement  over  that 
which  preceedod  it  ? 

Thena  and  many  other  topics  are  un  important  an  the  technical  Issues 
discussed  in  thin  paper.  It  is  only  when  an  Increase  in  capability 
based  on  an  officiant  operational  and  design  compromise  is  reaohed 
that  the  type  of  general  decline  in  aircraft  numbers  shown  at  the 
start  of  thin  paper  become;-,  even  moderately  tolerable. 

Finally,  when  considering  any  new  cockpit  design  it  is  becoming 
very  necessary  to  provide  a  co-ordinated  multi-disciplinary  design 
team  at  the  conceptual  stage  who  are  capable  of  assessing  mission/ 
operational  requirements,  the  human's  capabilities  arid  hardware 
technologies.  This  in  a  somewhat  new  approach  but  in  this  way  a 
cockpit  may  be  developed  which  will  achieve  the  MM  (Fig,  2h)  of 
providing  a  powerful  display/control  system  that  reduces  pilot  work¬ 
load  rather  than  bamboozles  him  with  new  gadgets. 
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Fig.  1  FRONT  UNti  AIRCRAFT  STRUNOTH 
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COLOR  SELECTION  AND  VERIFICATION  TESTING  FOR 
AIRBORNE  COLOR  CRT  DISPLAYS 


Louis  D.  Sllversteln  and  Robin  M.  Merrlfleld 
Boeing  Commercial  Airplane  Company 


Recent  advances'  In  Cathode  Ray  Tube  (CRT)  technology 
have  made  the  use  of  multi-color  displays  feasible  for  a 
variety  of  applications.  Despite  the  Increased  capa¬ 
bility  and  potential  advantages  afforded  by  color 
displays,  there  are  Inherent  hardware  and  human  factors 
problems  which  must  be  confronted. One  particularly 
persistent  problem  In  color  display  technology  Is  tne 
specification  and  visual  verification  of  a  color  reper¬ 
toire,  The  utility  of  a  color  display  Is  dependent  upon 
the  display  providing  suitable  chromatic  differentiation 
and  Image  brightness  to  ensure  reliable  symbol  visi¬ 
bility  and  color  discrimination  under  all  operational 
conditions.  These  criteria  require  special  consider¬ 
ation  when  the  display  must  be  used  In  dynamic  and 
severe  lighting  environments,  such  as  the  flight  deck  of 
an  aircraft.  This  paper  details  color  selection  and 
visual  testing  methods  used  for  the  shadow-mask  color 
CRT  displays  on  the  Boeing  Model  757/767  flight  decks. 
Topics  Include  analytical  methods  for  Initial  color 
selection,  visibility  and  other  discrimination  testing 
under  extreme  high  and  low  ambient  lighting  conditions, 
color  saturation  effects,  and  special  display  design 
considerations  and  limitations.— The  chromatlclty  and 
brightness  specifications  for  a  seven  color  repertoire, 
determined  by  the  methods  presented-,  are  also  described. 


BACKGROUND 


Recent  advances  In  Cathode  Ray  Tube  (CRT)  technology  have  made  the  use  of 
multi-color  displays  feasible  for  a  variety  of  applications.  Color  offers  a 
number  of  distinct  advantages  for  display  design.  First  are  the  obvious 
aesthetic  benefits  of  color,  supported  by  the  general  preference  for  color 
over  monochromatic  presentations.  Second,  color  has  the  potential  for  greatly 
Increasing  Information  coding  capability  and  flexibility,  and  for  reducing 
visual  search  time  on  complex  displays.  A  third  advantage  Is  derived  from  the 
addition  of  color  contrast,  which  can  Increase  symbol  visibility  and  reduce 
display  brightness  requirements. 

Despite  the  increased  capability  and  potential  advantages  afforded  by 
color  displays,  there  are  Inherent  hardware  and  human  factors  problems  which 
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must  be  confronted.  As  Figure  1  Illustrates,  a  color  display  analysis  can  be 
considered  as  a  hierarchlal  process.  At  the  top  of  the  hierarchy  are  those 
visual  and  perceptual  factors  which  constrain  tne  utility  of  color.  As  one 
proceeds  through  levels  of  the  hierarchy,  Increasingly  complex  and  integrated 
human  functions  come  Into  play.  Obviously,  the  visual  and  perceptual  require¬ 
ments  of  the  display  user  must  be  satisfied  for  a  color  display  to  be  a  viable 
concept. 

One  particularly  difficult  problem  in  color  display  technology  is  the 
specification  and  visual  verification  of  a  color  repertoire.  Additional 
complexities  arise  as  t'ie  number  of  discriminate  colors  required  increases 
and  more  elaborate  display  formats  using  color  fields  of  varying  size, 
brightness,  and  geometric  arrangement  are  employed.  The  problem  becomes 
critical  when  the  display  must  be  used  In  dynamic  and  severe  lighting 
environments  such  as  the  flight  deck  of  an  aircraft,  where  complex  Inter¬ 
actions  between  display  characteristics  and  the  ambient  environment  make 
precise  color  and  brightness  specification  essential.  The  focus  of  this  paper 
Is  color  selection  and  verification  testing  for  airborne  color  CRT  displays. 
Emphasis  is  placed  on  the  visual  and  perceptual  requirements  for  color  visi¬ 
bility  and  dlscernabll 1 ty  and  the  resulting  display  hardware  considerations. 

The  selection  of  an  effective  color  repertoire  must  be  predicated  on 
three  fundamental  attributes  of  a  visual  stimulus  (Graham,  1965a;  Wulfeck, 
Welsz,  &  Raben,  1958).  On  the  display  or  transmitting  side  of  the  system,  the 
physical  light  stimulus  Is  characterized  In  terms  of  Its  wavelength  distribu¬ 
tion,  luminance,  and  purity.  For  the  display  observer,  these  physical  attri¬ 
butes  correspond  to  the  perception  of  hue,  brightness,  and  saturation,  respec¬ 
tively.  Color  specification  Is  generally  best  accomplished  by  application  of 
the  CIE  (Commission  Internationale  de  l'eclalrage)  chromatlclty  system,  which 
permits  a  replicable  description  of  the  appearance  of  any  color  through  a  set 
of  chromatlclty  coordinates  (see  Wyszeckl  &  Stiles,  1967).  The  basic  color 
space,  shown  in  Figure  2,  was  standardized  In  1931  and  provided  a  convenient 
method  of  specifying  the  dominant  wavelength  and  purity  of  any  colored  sample 
(Figure  3).  The  other  fundamental  visual  attribute,  brightness,  is  measured 
and  specified  photometrically.  The  recognition  that  color  discrimination  was 
not  uniform  across  the  1931  color  space  lead  to  transformations  such  as  the 
1960  Uniform  Chromatlclty  Scale  (UCS)  shown  In  Figure  4,  In  which  equal  dis¬ 
tances  within  the  color  space  correspond  more  closely  to  equivalent  perceptual 
differences  In  color.  Other  derivations  exist  for  different  size  color  fields 
and  self-luminous  versus  reflective  color  sources.  At  this  point  it  Is  impor¬ 
tant  to  recognize  that  color  perception  Is  a  complex,  multidimensional  pro¬ 
cess.  Changes  In  any  one  parameter  of  the  color  stimulus  will  modulate  the 
perceptual  effects  of  other  parameters. 

When  selecting  and  specifying  colors  for  critical  applications,  and 
especially  for  today's  advanced  CRT  display  systems  in  avionics,  a  number  of 
additional  factors  related  to  color  perception  become  important.  First,  color 
perception  Is  strongly  Influenced  by  the  size  and  brightness  of  the  colored 
image;  smaller  images  appear  less  saturated  and  sometimes  appear  shifted  in 
hue  relative  to  larger  Images.  For  small  images,  the  ability  to  discriminate 
between  colors  is  reduced,  particularly  along  the  blue/yellow  continuum 
(Farrel  &  Booth,  1975).  Likewise,  changes  in  target  luminance  cause  changes 
in  both  the  perceived  saturation  and  hue  of  the  target  (Farrell  8  Booth, 

1975),  A  second  major  class  of  perceptual  phenomena  are  related  to  slmul- 
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taneous  contrast,  whereby  the  appearance  of  a  colored  linage  Is  Influenced  by 
the  hue  and  saturation  of  the  surrounding  visual  field.  In  general,  the  color 
of  a  small  target  Is  shifted  toward  the  complementary  hue  of  the  surrounding 
field  (Hurvlch,  1980).  Third,  the  number  of  colors  In  the  display  set  and  the 
method  of  color  coding  will  strongly  affect  color  discrimination  (Semple, 

Heapy,  Conway  4  Burnette,  1971).  As  the  number  of  colors  Increases,  color  dis¬ 
crimination  becomes  more  difficult  and  tighter  color  control  Is  required. 
Similarly,  color  display  formats  which  require  absolute  color  Identification 
place  greater  demands  on  both  the  observer  and  display  hardware  than  formats 
employing  redundant  forms  of  color  coding  and  comparative  color  discrimina¬ 
tion.  Recommendations  on  the  number  of  useable  colors  for  coding  purposes 
have  been  found  to  be  in  the  range  of  four  to  six  colors  (Kinney,  1979;  Krebs, 
Wolf,  4  Sandvlg,  1978;  Telchner,  1979).  Finally,  consideration  must  be  given 
to  the  visual  characteristics  of  the  population  of  display  users.  For 
example,  flight  Instrument  displays  must  accommodate  older  pilots  who  may  be 
characterized  by  a  restricted  range  of  visual  accommodation  (Southall,  1961), 
decreased  contrast  sensitivity  (Blackwell,  1952),  and  a  reduced  ability  to 
discriminate  between  colors.  Color  discrimination  losses  have  been  found  to 
be  most  pronounced  for  the  shorter  wavelengths,  due  to  changing  ocular 
pigmentation  with  age  (Burnham,  Hanes,  &  Bartelson,  1963).  Color  display 
design  criteria  and  related  visual  testing  should  represent  the  range  of 
visual  characteristics  of  the  display  user. 

Color  CRT  characteristics,  and  interactions  with  the  ambient  operating 
environment,  also  act  to  determine  the  color  experience  of  the  display  user. 

The  shadow-mask  color  CRT,  selected  by  Boeing  for  use  in  Its  new  generation 
commercial  aircraft,  uses  three  separate  primary  phosphors  with  associated 
electron  guns.  The  basic  shadow-mask  CRT  concept  Is  illustrated  In  Figure  5. 
Since  color  mixture  with  this  type  of  color  display  is  essentially  accom¬ 
plished  by  spatial  color  mixing  at  the  retina  of  the  eye,  the  convergence  or 
alignment  of  the  separate  color  Images  at  the  display  face  will  affect  the 
perceived  color  of  composite  Images.  Misconverged  beams  can  result  In  a  loss 
of  color  purity  (hue  shift)  and  produce  color  fringes  on  the  borders  of  stroke- 
written  symbology.  Figure  6  shows  the  manner  In  which  color  purity  Is 
affected  by  Improperly  converged  beams.  The  long  term  stability  of  the  colors 
produced  by  a  multi -gun  system  depends  upon  how  Impervious  the  convergence 
mechanism  Is  to  ambient  vibration  and  any  differential  aging  effects  between 
the  three  color  components. 

Ambient  lighting  will  also  have  a  strong  effect  on  display  color, 
especially  In  a  dynamic  cockpit  environment.  Incident  ambient  illumination 
reduces  both  the  brightness  contrast  and  color  contrast  of  displayed  infor¬ 
mation  via  Increases  In  display  background  brightness.  As  a  result,  the 
visibility  and  perceived  saturation  of  colored  symbology  Is  reduced.  The 
brightness  of  CRT-produced  colors  Is  not  homogenous  because  of  the  differences 
In  efficiency  of  the  three  primary  phosphors  and  the  spectral  luminosity 
function  of  the  eye  (e.g.,  Hurvlch,  1981).  The  degree  to  which  a  given  color 
CRT  Is  affected  by  ambient  Illumination  depends  largely  upon  the  colors 
selected,  symbol  brightness,  and  the  qualities  of  any  contrast  enhancement 
filters  fitted  to  the  display.  Fortunately,  some  relief  for  the  degrading 
effects  of  ambient  Illumination  may  be  provided  by  the  fact  that  the  obser¬ 
vers*  contrast  sensitivity  and  color  perception  are  generally  enhanced  as 
display  background  and  symbol  brightness  Increase  (Brown  4  Mueller,  1965; 
Burnham  et.  al . ,  1963), 


Ultimately,  the  utility  of  a  color  display  Is  dependent  upon  the  display 
providing  suitable  chromatic  differentiation  and  Image  brightness  to  ensure 
reliable  symbol  visibility  and  color  discrimination  under  all  operational 
conditions.  The  brief  review  of  relevant  visual  factors  Indicates  that  color 
selection  and  brightness  specification  for  airborne  color  CRT  displays  poses 
difficult  problems  for  both  the  display  designer  and  human  factors  specialist. 
At  the  present  time,  there  are  no  analytical  tools  sufficient  to  solve  these 
problems.  Recent  attempts  to  derive  a  model  of  photocolorlmetrlc  space 
(Gal ves  &  Brun,  1975;  Martin,  1977),  which  Includes  both  chromatic  and  bright¬ 
ness  dimensions,  have  not  received  adequate  experimental  verification.  More¬ 
over,  It  Is  doubtful  whether  any  model  based  solely  on  chromatic  and  luminance 
differences  can  provide  suitable  description  of  the  perceptual  factors  Inher¬ 
ent  In  complex  color  CRT  presentations.  Models  offering  overly  conservative 
figures  of  merit  for  discrimination,  which  may  Indicate  color  and  brightness 
specification  that  ensure  performance,  are  likely  to  Incur  large  penalties  In 
hardware  costs  and  display  life.  Such  analytical  techniques  are  useful  engi¬ 
neering  tools  which  must  be  supplemented  with  visual  verification  testing 
tailored  to  the  particular  display  hardware  and  application.  The  remainder  of 
this  paper  describes  the  analytical  and  experimental  methods  used  In  the 
Boeing  color  CRT  development  program. 

THE  BOEING  DISPLAYS 

A  significant  step  In  commercial  aviation  was  achieved  when  Boeing  de¬ 
cided  to  Integrate  color  CRT  displays  into  the  flight  decks  of  the  new  757/767 
Jetliners.  After  a  review  of  a  number  of  proposals,  It  was  decided  to  pursue 
the  development  of  a  ruggedlzed,  hlgh-resoiution  shadow-mask  type  of  display. 
The  color  and  contrast  capability  of  the  shadow-mask  system  ware  primary  advan¬ 
tages,  but  the  final  decision  awaited  demonstration  of  suitable  ruggedness  and 
resistance  to  vibration. 

The  shadow-mask  display  Is  the  foundation  of  two  major  systems  on  the 
757/767.  The  Electronic  Flight  Instrument  System  (EFIS)  consists  of  elec¬ 
tronic  ADI  and  HSI  primary  flight  Instruments.  A  second  system,  also  composed 
of  two  displays,  combines  Engine  Indication  and  Crew  Alerting  functions 
(EICAS).  Figure  7  shows  typical  display  formats  for  the  EAD1  and  EHS1  compo¬ 
nents.  The  EFIS  displays  are  hybrids  In  that  they  write  In  both  raster  and 
stroke  modes.  Raster  Is  used  for  sky/ground  shading  on  the  EADI  and  for 
weather  radar  Imagery  on  the  EHSI.  Stroke  and  raster  writing  inodes  are  com¬ 
bined  such  that  stroke-written  symbols  may  overlay  color  raster  backgrounds. 

The  EICAS  system  displays  only  stroke-written  symbology. 

Display  color  capability  Is  Illustrated  In  the  CIE  X-Y  chromatlcltv  space 
In  Figure  8,  where  the  triangular  region  defined  by  the  three  primary  phosphor 
chromatlcltles  and  filter  characteristics  bounds  the  region  of  possible  dis¬ 
play  colors.  Symbol  generator  hardware  allows  the  selection  of  up  to  seven 
stroke  colors  (and  black)  and  four  raster  colors.  Color  mixing  is  controlled 
by  amplitude  modulation  of  the  three  component  beams,  which  also  permits 
selective  color  purity  adjustments  for  each  color.  The  displays  are  fitted 
with  multi-band  contrast  enhancing  filters  tuned  to  the  three  phosphors  and  an 
anti-reflective  coating.  Separation  between  phosphor  triads  is  .012",  which 
corresponds  to  approximately  1.2  minutes  of  visual  arc  at  the  designed  viewing 
distance.  Other  visually  relevant  features  are  an  80  Hz  stroke  refresh  rate, 
40  Hz  frame/80  Hz  field  rates  for  raster,  and  automatic  brightness/contrast 
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compensation  via  Integral  light  sensors. 

The  incorporation  of  color  CRTs  on  the  new  Boeing  flight  decks  produced 
the  need  for  a  consistent  color  coding  strategy.  All  displayed  Information  Is 
redundantly  coded  and  absolute  color  Identification  Is  not  required.  Color  Is 
not  used  as  a  unitary  coding  dimension  but  Is  always  combined  with  shape, 
al phanumerlcs,  location,  brightness  or  some  other  form  of  code.  There  are 
several  reasons  for  adopting  this  strategy.  Most  prominent  Is  the  problem  of 
partial  display  or  color  component  failure.  In  this  situation,  coding  redun¬ 
dancy  permits  a  failure  mode  of  monochromatic  presentation  without  any  loss  of 
essential  Information.  Color  shifts  as  a  function  of  display  aging  also  have 
minimal  Impact  on  operator  performance  when  color  coding  Is  used  redundantly. 
Additional  reasons  concern  the  nature  of  color  discrimination  performance 
required  of  the  display  user.  When  color  Is  used  In  concert  with  other  coding 
dimensions,  the  basic  perceptual  mode  required  Is  one  of  relative  or  compar¬ 
ative  color  discrimination.  The  demands  on  both  the  display  user  and  the 
display  hardware  Itself  are  reduced  when  comparison  between  colors  rather  than 
absolute  Identification  of  each  color  Is  required  (e.g. ,  Krebs  et.  al.,  1978). 
Color  vision  deficiencies  in  the  user  population  are  also  less  critical  when 
all  Information  Is  available  through  multiple  codes. 

OBJECTIVES  AND  APPROACH 


Color  selection  and  visual  verification  testing  for  the  Boeing  color  CRT 
displays  involved  a  number  of  major  objectives.  The  first  objective  was 
chromatlclty  and  brightness  specification  for  a  visually  verified  set  of  seven 
stroke-written  colors  and  four  raster  colors.  A  second  objective  was  the 
determination  of  the  minimum  brightness  levels  required  for  color  discrimi¬ 
nation  under  worst-case  high  ambient  lighting  conditions.  It  was  recognized 
that  these  minimum  levels  would  have  a  direct  Impact  on  CRT  tube  life  and  were 
a  major  factor  In  display  brightness  certification.  Third,  verification  of 
color  discrimination  under  low  ambient  viewing  conditions  was  an  Important 
consideration.  Investigation  of  preferred  levels  of  color  saturation  for  low 
ambient  viewing  was  also  part  of  this  test  phase,  since  highly  saturated 
colors  can  produce  exaggerated  perceptions  of  apparent  depth  (chromosterlopsl s) 
and  degrade  visual  acuity  (Farrell  A  Booth,  1975;  Riggs,  1965;  Semple  et.  al., 
1971).  A  final  objective  was  the  accumulation  of  supporting  data  for  certifi¬ 
cation  of  displays  and  pilots'  visual  performance. 

The  approach  to  achieving  these  objectives  consisted  of  four  sequential 
phases: 


o  Initial  color  selection  by  analytical  computer  model 

o  Raster  color  and  brightness  optimization 

o  Stroke/Raster  color  and  brightness  test  -  high  ambient  phase 

o  Stroke/Raster  color  and  brightness  test  -  low  ambient  phase 

Color  discrimination  performance  was  assessed  by  a  comparative  procedure 
which  best  reflects  the  operational  use  of  color  on  the  Boeing  displays. 
Discrimination  between  all  relevant  stroke  colors,  raster  colors,  and  combi- 
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ne  Jons  of  stroke  and  raster  was  accommodated  by  the  test  procedures  used. 


INITIAL  COLOR  SELECTION 


DESCRIPTION  OF  ANALYTICAL  COMPUTER  COLOR  MODEL 

Historically,  luminance  contrast  has  been  used  as  a  means  of  predicting 
detection  of  a  symbol  against  Its  background  or  discrimination  between  symbols 
on  a  common  background.  With  the  advent  of  narrow  band  phosphors  and  trl- 
chorlc  or  notch  filters,  the  discrepancy  In  using  luminance  contrast  ratio  as 
a  figure  of  merit  for  a  CRT  display  became  apparent.  Even  a  subjective  com¬ 
parison  of  a  neutral-density  filtered  display  with  a  notch  filtered  display  of 
equal  symbol  and  background  luminance  levels  shows  the  neutral  density  display 
to  have  greater  symbol  to  background  discrimination.  This  Is  due  to  the  chro¬ 
minance  contrast  between  symbol  and  background  Inherent  through  a  neutral  den¬ 
sity  filter  but  lacking  In  a  notch  filter. 

Any  prediction  of  the  display  operator's  ability  to  discriminate  and 
differentiate  between  luminous  sources  must  take  Into  account  not  only  the 
luminous  contrast  but  also  the  chrominance  contrast  between  symbolic  presen¬ 
tations  and  their  backgrounds.  This  is  especially  true  for  snadow-inask  CRT 
displays  where  a  wide  range  of  chrominance  difference  is  used  to  code  or 
enhance  Information. 

Taking  Into  account  the  extensive  work  of  Judd  and  MacAdam  on  the  visual 
perception  of  color  difference  (e.g.,  see  Graham,  1965b)  and  the  photocolorl- 
metrlc  grid  system  developed  by  Kowal 1  ski  (1969),  Galves  and  Brun  (1975) 
defined  a  model  of  photocolorlmetrlc  space  In  which  the  perception  of  lumi¬ 
nance  contrast  and  chrominance  contrast. are  equivalent.  In  this  space,  an 
Identical  distance  between  two  points,  representing  two  different  luminous 
sources,  always  represent  an  identical  difference  In  visual  impression.  The 
derivation  of  the  Galves  and  Brun  model  of  photocolorlmetrlc  space  is  shown  In 
Table  1  and  Figures  9  and  10. 

The  model  establishes  two  perceptually  equivalent  axes  In  photocolorl¬ 
metrlc  space  which  Galves  and  Brun  call  the  Luminance  Discrimination  Index 
(IOL)  and  Chrominance  Discrimination  Index  (I5C).  Starting  wUh  two  luminous 
sources  with  known  luminance  values  and  i960  C1E-UCS  color  coordinates  (U«  , 

V.,  L,,  AND  U2,  V2,  Lp) •  the  luminous  difference  can  be  expressed  as  the  log 
of  the  luminance  contrast  ratio.  Galves  and  Brun  (1975)  reported  that  the 
minimum  dlscernable  contrast  ratio  has  been  determined  to  be  log  1.05.  A 
comfortably  dlscernable  contrast  ratio  has  been  historically  accepted  to  be  a 
3  dB  luminance  difference  or  logvTT  This  is  approximately  seven  times  the 
minimum  dlscernable  contrast  ratio.  From  this,  Galves  and  Brun  have  defined 
the  Luminance  Discrimination  Index  (IOL)  to  be  the  log  of  the  contrast  ratio 
between  two  luminous  sources  divided  by  logVTT  By  definition,  the  IDL  will 
be  one  for  a  contrast  ratio  of  logvT"  and  can  be  considered  a  figure  of  merit 
for  the  luminous  difference  between  two  sources. 
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The  Chrominance  Discrimination  Index  (IDC)  Is  defined  In  a  similar  and 
perceptually  Identical  manner.  Using  the  1960  CIE  Uniform  Chromatlclty  Scale 
(UCS),  the  chrominance  difference  between  two  luminous  sources  Is  defined  as 
the  root  of  the  sum  of  the  squares  of  the  differences  in  U  and  V  coordinates. 
Galves  and  Brun  (1975)  have  reported  that  the  smallest  dlscernable  color 
difference  In  terms  of  I960  CIE  UCS  coordinates  Is  0.00384.  Multiplying  this 
value  by  approximately  seven,  as  was  done  In  the  derivation  of  1DL,  yields  a 
comfortable  chrominance  difference  of  0.027.  Therefore,  the  Chrominance 
Discrimination  Index  (IDC)  becomes  the  chrominance  difference  between  luminous 
sources  divided  by  0.027.  In  this  manner,  both  axes  of  photocoTorl met ri c 
space  should  be  perceptually  identical  and  the  root  sum  of  squares  value  of 
IDL  and  IDC  become  the  overall  figure  of  merit  of  the  dlscrlmlnabil ity  between 
two  luminous  sources  -  the  Index  of  Discrimination  (ID). 

APPLICATION  OF  MODEL  TO  DISPLAY  COLOR  SELECTION 


As  a  starting  point  for  the  selection  of  a  color  repertoire  for  the  EFIS, 
EICAS  and  CAI  displays,  a  computer  program  was  created  which  predicted  the 
Index  of  Discrimination  between  luminous  sources  of  known  primary  luminance 
value  mixes.  It  must  be  recognized  that  the  x  axis  of  a  CIE  (1931)  Chroma- 


graphic.  Figure  11  shows  a  CIE  (1931)  Chromatlclty  Diagram  with  the  nomo¬ 
graphic  color  mix  model  which  was  programmed  Into  the  computer  to  predict 
chromatlclty  coordinates  of  any  color  contained  in  the  CRT  primary  triangle. 
With  this  algorithm,  the  computer  can  mix  any  combinations  of  luminous  sources 
with  a  raster  and/or  reflected  ambient  backgrounds  of  known  luminance  and 
chrominance  values.  The  resultant  program  is  capable  of  predicting  IDL,  IDC, 
ID.  x,  y,  u,  and  v  values  from  the  x  and  y  coordinates  of  the  CRT  phosphor 
primaries,  the  x,  y,  and  luminance  values  of  the  reflected  ambient  Illumina¬ 
tion  (l.e.,  display  background),  and  the  primary  luminance  mix  of  any  secon¬ 
dary  colors  to  be  Investigated. 

The  computer  program  described  above  was  used  to  select  those  candidate 
colors  which  were  equal  In  ID  from  their  closest  neighbors  In  an  attempt  to 
create  a  color  repertoire  which  was  perceptually  balanced.  The  balancing 
procedures  addressed  the  Implicit  assumption  that  the  usefulness  of  the  entire 
color  repertoire  is  limited  by  the  weakest  link,  In  this  case  the  smallest 
color  difference.  A  large  number  of  colors  and  backgrounds  can  potentially  be 
accommodated  by  the  color  model.  It  also  provided  an  excellent  tool  for 
Investigating  color  shifts  due  to  reflected  ambient  Illumination  and 
stroke/raster  Interactions.  The  nature  and  importance  of  these  color  shifts 
will  become  apparent  In  subsequent  sections. 


RASTER  COLOR  AND  BRIGHTNESS  OPTIMIZATION 


Objectives 

The  second  phase  of  color  selection  was  related  primarily  to  homogenous 
color  raster  fields  used  for  sky/ground  shading  on  the  EAD1  and  weather  radar 


Imagery  on  the  EHSI.  Coding  conventions  dictated  a  blue  for  sky  shading  and  a 
brown  or  black  to  represent  the  ground.  Weather  radar  coding  followed  stan¬ 
dards  of  green,  amber,  and  red  respectively  for  Increasing  severity  of  weather 
returns.  Major  objectives  of  this  phase  were:  1)  to  establish  chromatlclty 
specifications  for  the  colors  blue,  green,  amber,  and  red;  2)  optimization  of 
amber  chromatlclty  to  achieve  maximal  discrimination  between  amber  and  the 
green  and  red  primaries;  and  3)  to  determine  the  minimum  raster  brightness 
levels  required  to  ensure  reliable  color  discrimination  between  raster  fields 
under  worst-case  high  ambient  illumination. 

Test  Methods  and  Procedures 


Participating  Subjects 

Eight  Boeing  employees  participated  In  the  raster  test.  All  of  the 
subjects  were  male  and  ranged  In  age  25  to  48  years  with  a  mean  of  36.1  years. 
Subjects  were  screened  for  color  vision  deficiencies  with  the  Abbreviated 
Color  Vision  Test  consisting  of  American  Optical  HRR  Pseudolsochromatlc  Plates. 

Test.  Equipment 

Visual  testing  was  conducted  with  engineering  prototype  units  from  the 
Rockwell -Coll Ins  EFIS  700  system.  An  EAOI  display  unit,  which  has  a  useable 
display  area  of  2.35  x  2.10  Inches,  was  chosen  as  the  test  display  because  of 
its  built-in  capability  to  present  relatively  large  circular  raster  fields 
with  Independent  selection  of  colors  for  the  top  and  .bottom  halves  of  the 
field  (l.e.,  a  bipartite  field).  This  circular  raster  field  subtended  a 
visual  angle  of  approximately  5.5  degrees  at  the  designed  viewing  distance  (32 
Inches).  The  symbol  generator  hardware  was  modified  to  accommodate  split- 
field  raster  patterns  of  any  color,  and  also  contained  software  for  the  test 
patterns  used  during  all  test  phases.  A  specially  constructed  electronics 
board  and  test  console  was  used  to  control  the  display  system  and  provided  the 
following  functions:  amplitude-modulated  control  of  primary  beam  currents  for 
the  Independent  selection  of  seven  colors;  Independent  purity  adjustment  for 
all  colors  (except  white)  which  allowed  purity  control  from  maximum  through 
pastel  to  white  along  a  vector  passing  through  CIE  Source  C;  separate  display 
brightness  controls  for  raster,  stroke,  and  synchronous  overall  brightness; 
color  switching  for  top  and  bottom  raster  half-fields;  switching  for  up  to  15 
multi-color  stroke  symbol  patterns;  and  total  display  blanking. 

To  create  the  high-ambient  lighting  environment  required  for  testing, 
four  Berkey-Colortran  quartz  halogen  lamps  fitted  with  alchroic  filters  were 
positioned  at  45  degrees  off-axis  from  the  display  face.  The  particular 
lighting  arrangement  was  calibrated  to  produce  8000  footcandles  (Ft.-c)  of 
5230  degrees  Kelvin  at  the  display  face.  The  8000  Ft.-c  level,  considered  as 
the  worst-case  display  illumination  caused  by  sun  shafting  through  the  side 
windows  of  the  757/767  cockpit,  was  arrived  at  by  using  an  estimate  of  10,000 
Ft.-c  illuminance  of  sun  in  earth  atmosphere  (Semple  et.  al.,  1971)  and 
correcting  this  value  by  the  coefficient  of  window  transmissivity  and  the 
cosine  of  the  smallest  angle  between  the  side  windows  and  a  line  perpendicular 
to  the  display  surface.  Measurement  of  illuminance,  luminance,  and  chroma¬ 
tlclty  were  accomplished  with  a  Pritchard  1980A  photometer  and  a  Gamma  Scien¬ 
tific  C-3  spectraradlometer  equipped  with  a  spectral  scanning  system.  A 
diagram  of  the  color  display  test  setup  is  presented  in  Figure  12. 


Procedures 

The  colors  green,  amber,  red  and  blue  were  first  selected  using  the 
computer  color  model.  Green  and  red  chromatlclty  was  fixed  by  the  respective 
phosphor  primaries,  since  maximum  purity  and  sufficient  luminance  was 
available  by  using  the  primaries  for  these  colors.  This  was  not  the  case  for 
blue.  The  luminous  efficiency  of  short  wavelength  phosphors  Is  relatively  low 
due  to  the  relative  Insensitivity  of  the  eye  to  short  wavelengths  (Haeuslng, 
1976;  Hurvlch,  1981).  In  addition,  visual  acuity  In  the  blue  region  Is  poor 
(Jones,  1961;  Myers,  1967)  and  degrades  further  with  Increasing  purity  of  the 
short-wavelength  Image.  These  problems  can  largely  be  overcome  by  Increasing 
the  luminance  and  decreasing  the  purity  of  the  blue  used,  and  large  amounts  of 
the  primary  green  can  be  mixed  with  the  primary  blue  without  the  resulting 
color  perception  being  changed  from  blue  (Haueslng,  1976).  For  these  reasons, 
the  blue  primary  alone  was  not  used,  but  was  mixed  with  green  to  produce  a 
cyan  of  pleasing  appearance.  The  color  amber  is  a  mixture  of  the  primaries 
green  and  rod.  An  effort  was  made  to  optimize  discrimination  between  green, 
amber  and  red  because  of  the  significance  of  amber  and  red  for  caution  and 
warning  color  coding.  Five  ambers  were  selected  for  testing.  They  were  all 
located  on  the  green-red  chromatic  axis  and  were  of  equal  beam  current  and 
approximately  equivalent  luminance.  The  goal  was  to  select  that  amber  which 
offered  maximal  discrimination  with  red  and  green  at  the  lowest  luminance 
(best  display  efficiency). 

Initial  luminance  values  and  chromatlclty  coordinates  of  the  raster  color 
set  were  balanced  using  the  computer  model  to  produce  ID  values  of  approxi¬ 
mately  .6  between  all  colors  and  between  each  color  and  the  reflected  ambient 
background.  Galves  and  Brun  (1975)  have  Indicated  that  an  ID  of  .6  would  per¬ 
mit  comfortable  detection  and  Identification  under  any  ambient  lighting. 

Figure  13  shows  the  four  raster  colors  located  In  CIE  X-Y  coordinates,  as  well 
as  the  five  ambers  tested.  The  point  marked  RA  Indicates  the  chromatlclty  of 
the  reflected  ambient  Illumination.  At  the  8000  Ft.-c  reference  Illumination, 
the  display  reflected  98.5  foot-1 amberts  (Ft.-L)  at  the  Indicated  chromatl¬ 
clty.  The  vectors  emanating  from  each  color  point  Illustrate  the  chromatlclty 
shifts  resulting  from  summation  of  the  reflected  ambient  and  display-generated 
phosphor  emissions.  Note  that  all  of  the  colors  decrease  in  purity  and  shift 
toward  the  reflected  ambient. 

All  raster  testing  was  conducted  under  8000  Ft.-c  of  Illumination.  Since 
display  brightness  was  a  test,  variable,  brightness  steps  were  calibrated 
according  to  a  scale  based  on  the  .6  ID  value.  The  display  was  set  such  that 
the  50%  brightness  setting  corresponded  to  the  .6  ID  value  for  each  color. 

From  that  point,  brightness  adjustment  was  synchronous  for  all  colors  and 
varied  according  to  a  percentage  scale. 

Prior  to  beginning  visual  testing,  the  test  subjects  were  shown  all  of 
the  raster  colors  under  both  dark  and  high-ambient  viewing  conditions.  The 
colors  were  named  for  them  and  they  were  given  a  chance  to  familiarize  them¬ 
selves  with  the  test  apparatus  and  the  color  test  patterns.  The  experimental 
task  consisted  of  a  comparative,  forced-choice  color  naming  task.  Upon 
presentation  of  a  split, -field  raster  pattern,  subjects  were  required  to  name 
the  color  of  the  top  half-field  followed  by  the  name  of  the  color  of  the 
bottom  half-field.  Only  the  particular  colors  being  compared  and  the  word 
"blank"  were  permissible  responses.  The  raster  test  pattern  and  a  summary  of 


test  conditions  are  Illustrated  In  Figure  14. 

The  first  test  sequence  Involved  the  colors  green,  red,  and  the  five 
ambers,  l.e.,  the  set  of  rasters  relevant  to  weather  radar  codes.  Each  sub¬ 
ject  was  tested  under  all  conditions  In  a  wlthin-subjects  experimental  design 
(see  Kirk,  1968).  The  split-field  raster  patterns  were  presented  In  a  counter' 
balanced  fashion  across  the  eight  subjects  to  minimize  order  effects.  Half  of 
the  eight  subjects  began  the  test  with  the  greenest  amber  (1)  and  proceeded  in 
sequence  to  the  reddest  amber  (5).  The  other  half  of  the  subjects  received 
the  amber  sequence  In  reverse  order.  Brightness  was  manipulated  within  e^jh 
amber  condition  by  decreasing  the  brightness  after  each  series  of  eight  test 
patterns.  The  brightness  values  tested  were  30%,  20%,  10%,  and  5%  on  the 
defined  scale,  a  range  determined  In  a  brief  pretesting  procedure. 

The  second  test  sequence  Involved  only  cyan  and  blank  half-fields,  and 
was  designed  to  accommodate  the  relevant  raster  discriminations  (sky/ground) 
on  the  EAD1  display.  The  reason  for  testing  with  a  blank  rather  than  a  brown 
half-field  for  the  ground  texture  was  that  the  ground  texture  was  defined  tc 
be  only  cosmetic  In  nature  since  aircraft  orientation  can  easily  be  determined 
by  the  position  of  the  cyan  sky  shading.  In  addition,  brown  Is  essentially  a 
blackish  amber  or  yellow  (Hurvlch,  1981)  and  can  only  be  produced  on  a 
shadow-mask  CRT  by  creating  an  amber  of  low  luminance. 

The  EADI  ground  shading  Is  a  low-luminance  amber  which  Is  not  required  to 
be  visible  under  the  8000  Ft.-c  test  conditions.  As  Figure  14  reveals,  tho 
cyan-blank  (reflected  ambient)  test  involved  only  two  patterns.  Presentation 
order  of  the  patterns  was  radomlzed,  and  a  wlthin-subjects  design  with  bright¬ 
ness  as  the  single  Independent  variable  was  used.  Each  subject  was  presented 
a  series  of  six  patterns  at  each  brightness  level,  and  brightness  was  in¬ 
creased  in  steps  according  to  the  methods  described  earlier. 

Test  Results 


Figures  15  and  16  show  the  Individual  effects  of  amber  chromatlclty  and 
display  brightness  level  on  green- amber- red  color  discrimination  performance. 

An  analysis  of  variance  (e.g.,  Kirk,  1968)  on  the  mean  percent  correct  color 
discrimination  scores  revealed  that  both  affects  significantly  Influenced 
subjects'  ability  to  discriminate  between  the  three  colors.  Further  statis¬ 
tical  tests  Indicated  that  the  middle  amber  (3)  produced  better  performance 
than  the  other  four  ambers  tested,  and  that  Increases  In  brightness  beyond  the 
10%  level  do  not  significantly  Improve  prformance.  The  most  critical  data  for 
this  test  may  be  found  In  Figure  17,  which  depicts  the  interaction  of  amber 
chromatlclty  and  brightness  level.  This  interaction  was  also  found  to  be 
statistically  significant,  and  basically  points  to  the  fact  that  the  middle 
amber  (3)  produced  the  best  color  discrimination  performance  at  the  lowest 
brightness  level.  All  of  the  test  subjects  demonstrated  error-free  color 
discrimination  between  green,  amber,  and  red  with  amber  (3)  at  a  10%  bright¬ 
ness  level . 

The  results  of  the  cyan- reflected  ambient  color  discrimination  test  are 
shown  In  Figure  18.  Mean  percent  correct  color  discrimination  performance 
Increased  with  display  brightness  Increments,  but  an  analysis  of  variance  for 
these  data  did  not  Indicate  a  significant  effect  of  brightness  level.  At  some 
point  between  the  10%  and  20%  levels,  subjects  would  presumably  reach  an  error- 
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free  level  of  performance.  Since  the  data  did  not  allow  a  clear  decision  as 
to  the  required  brightness  level  for  the  cyan  raster,  It  was  decided  to  accept 
the  same  level  (10%)  that  was  found  sufficient  for  the  other  raster  colors. 

Operationally,  the  pilots  using  EFIS  displays  will  be  confronted  with 
color  raster  fields  considerably  smaller  than  the  5.5°  test  field  In  the 
present  study.  This  Is  especially  true  for  weather  radar  Imagery  on  the  EHSI, 
where  returns  from  small  or  distant  storm  cells  can  produce  a  small  color 
Image.  Hardware  limitations  In  the  experimental  test  setup  precluded  testing 
with  a  variety  of  field  sires,  so  a  field-size  correction  factor  was  applied 
to  the  raster  test  results.  An  estimated  minimum  raster  size  of  5'  of  visual 
arc  was  used  as  a  reference.  The  classic  contrast  threshold  data  of  Blackwell 
(1946)  were  consulted,  and  It  was  found  that  an  approximate  3  to  1  Increase  In 
contrast  was  required  when  extrapolating  from  a  5.5°  to  a  5'  visual  field  size 
for  a  background  brightness  of  100  Ft.-L.  Following  this  rationale,  bright¬ 
ness  values  determined  In  the  present  test  were  multiplied  by  three.  Bright¬ 
ness  requirements  for  raster  fields  were  clearly  overestimated  by  the  computer 
model.  For  the  large  fields  tested,  the  brightness  values  (10%)  resulting  In 
eisentla'lly  error-free  color  discrimination  performance  were  only  a  fifth  of 
the  required  brightness  values  predicted  by  the  computer  model  (50%),  Even 
after  application  of  the  small-field  correction  factor,  the  psychophyslcally 
determined  brightness  requirements  were  significantly  less  than  the  model's 
predictions. 

Actual  chromaticlty  coordinates  and  brightness  values  for  the  four  raster 
colors  tested  may  be  found  at  the  bottom  of  Table  2.  It  is  Important  to  note 
that  these  values  are  directly  applicable  only  to  the  particular  displays 
under  test.  Chromaticlty  and  brightness  requirements  for  any  color  CRT  dis¬ 
play  must  take  into  account  phosphor  characteristics,  screen  geometry,  and  the 
properties  of  contrast  enhancement  filters  and  anti-reflective  coatings  fitted 
to  the  display. 


STROKE/RASTEU.  COLOR  AND  BRIGHTNESS  TEST 
HIGH  AMBIENT  PHASE 


OBJECTIVES 

The  third  phase  of  color  selection  and  verification  testing  was  designed 
primarily  to  complete  the  specification  of  a  seven  color  repertoire  and  de¬ 
termine  the  minimum  brightness  requirements  for  stroke-written  symbology.  The 
visual  factors  Involved  In  producing  acceptable  color  stroke-written  images 
are  somewhat  more  critical  than  for  raster  fields.  Images  composed  of  narrow 
lines  or  strokes  require  higher  brightness  to  assure  adequate  visibility  and 
are  more  demanding  of  subjects'  abilities  to  resolve  fine  details.  With  re¬ 
spect  to  color,  the  ability  to  discriminate  color  differences  for  small  Images 
Is  reduced.  Moreover,  two  aspects  of  the  shadow-mask  type  of  color  display 
and  the  combined  use  of  stroke  and  raster  writing  techniques  are  significant. 
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First,  stroke-written  lines  which  are  a  mixture  of  more  than  one  primary 
will  Inevitably  contain  some  co’  .  fringes  produced  by  mlsconvergence.  The 
extent  to  which  color  perception  is  affected  will  be  determined  by  the  amount 
of  misconvergence,  the  stroke  width,  and  viewing  distance.  Color  discrimina¬ 
tion  performance  must  therefore  be  tested  within  the  specified  operating 
ranges  for  convergence  and  linewidth.  Second,  stroke-written  symbols  which 
overlay  raster  fields  of  a  different  color  will  shift  in  color.  The  addi¬ 
tivity  of  luminances  at  the  intersection  of  the  images  will  result  in  a  stroke 
symbol  of  increased  brightness  whose  color  is  shifted  along  a  vector  con¬ 
necting  the  stroke  and  raster  chromaticities.  The  integrity  of  the  intended 
stroke  color  will  depend  largely  upon  the  brightness  contrast  existing  between 
the  stroke  and  raster  images.  Obviously,  stroke  color  discrimination  must  be 
tested  against  all  anticipated  raster  backgrounds. 

Having  established  chromatlcity  specifications  for  four  of  the  seven 
colors  in  the  previous  raster  tests,  major  objectives  for  this  test  phase 
were:  1)  to  establish  chromatlcity  specifications  for  three  remaining  stroke 
colors;  2)  to  determine  the  minimum  stroke  brightness  levels  required  to 
ensure  reliable  color  discrimination  between  stroke-written  colors  under  8000 
Ft.-c,  of  ambient  Illumination;  and  3)  verification  of  stroke  color  Integrity 
on  all  raster  backgrounds. 

Test  Methods  and  Procedures 


Participating  Subjects 

Ten  Boeing  pilots  and  flight  engineers  participated  in  the  testing.  Ml 
of  the  subjects  were  male  and  ranged  in  age  from  23  to  62  years  with  a  mean  of 
43.3  years.  They  were  randomly  selected  from  the  population  of  Boeing  pilots 
and  flight  engineers  possessing  current  Class  1  medical  certificates,  and 
therefore  met  the  same  minimum  criteria  for  visual  functions  demanded  of  the 
airline  pilot  population. 

Test  Equipment 

The  basic  test  setup  was  the  same  as  in  the  raster  study.  Prior  to 
testing,  measurements  of  convergence  and  line  width  were  taken  to  confirm  that 
they  were  within  specified  limits.  Convergence  specifications  were  defined  in 
prior  psychophysical  tests  (Merrlfield,  Haakenstad,  Ruggiero,  and  Lee,  1979), 
which  revealed  that  image  separations  up  to  .008  inches  resulted  in  acceptable 
stroke-written  color  symbols.  Display  convergence  was  within  .006  inches  and 
met  the  display  specifications.  At  the  32  inch  viewing  distance,  .006  Inches 
of  mlsconvergence  results  in  a  stroke  image  separation  which  subtends  only  .64 
minutes  of  visual  arc.  Line  widths  were  also  found  to  be  within  the  specified 
range  of  .008  to  .020  Inches.  For  the  higher  brightness  levels  used  during 
testing,  line  widths  tended  toward  the  upper  end  of  this  range. 

Procedures 

The  Initial  procedural  step  was  to  consult  the  computer  color  model  in  an 
attempt  to  locate  those  chromatic  regions  best  suited  for  the  remaining 
colors.  The  red-green  and  green-blue  chromatic  axes  already  contained  the 
secondary  colors  amber  and  cyan,  respectively;  however,  the  red-blue  axis  was 
unused.  A  plot  of  the  CRT  chromatlcity  triangle  in  1960  UCS  coordinates 
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revealed  that  the  axis  between  the  red  and  blue  primaries  was  the  longest  of 
the  three  chromatic  axes  (l.e.,  the  greatest  perceptual  spacing),  and  the  fact 
that  the  blue  primary  was  not  used  left  a  large  area  of  potential  chromatic 
differentiation  untouched.  For  these  reasons,  it  was  decided  to  select  two 
secondary  colors  on  the  red-blue  axis.  The  last  free  chromatic  region  was  the 
central  area  of  the  CRT  color  triangle,  dictating  that  the  seventh  color 
should  be  a  white.  Chromatid ty  coordinates  of  the  colors  red,  green,  amber, 
and  cyan  and  raster  brightness  values,  which  were  all  established  in  the 
previous  test  phase,  were  Input  to  the  computer  model  along  with  the  general 
regions  for  the  last  three  colors.  The  model  selected  the  precise  chroma- 
tlclty  coordinates  for  the  remaining  colors  based  upon  a  balanced  perceptual 
set  of  seven  stroke  colors.  Balancing  involved  selecting  the  chroinaticl ties 
and  relative  luminances  of  the  seven  stroke  colors  such  that  the  ID  between 

all  paired  combinations  of  colors  on  their  worst-case  raster  backgrounds  and 

under  8000  Ft.-c  of  illumination  were  approximately  equal.  The  colors  magenta 
(reddish  purple),  purple,  and  white  completed  the  seven  color  repertoire. 

Visual  testing  was  designed  to  assess  color  discrimination  performance 
for  the  following  display  combinations: 

o  Stroke  colors  to  reflected  ambient 

o  Stroke  color  to  stroke  color 

o  Stroke  colors  to  raster  colors 

o  Raster  colors  to  reflected  ambient 

o  Raster  color  to  raster  color 

o  Stroke  color  to  stroke  color  overlaying  raster  colors 

To  accommodate  all  of  these  comparisons,  a  series  of  10  split-field  ras¬ 

ter  patterns  was  combined  with  10  stroke  symbol  patterns.  Each  stroke  pattern 
consisted  of  18  diamond-shaped  symbols  arranged  In  two  rows  of  9  symbols  each. 
Within  a  row,  symbols  of  different  colors  were  randomly  ordered  such  that  each 
of  the  seven  stroke  colors  was  represented  at  least  once  In  every  row.  The 
diamond-shaped  stroke  symbols  subtended  a  visual  angle  of  approximately  20'  of 
arc  and  were  chosen  because  their  small  size  was  representative  of  the 
smallest  symbology  elements  used  for  the  Boeing  display  formats.  The  test 
pattern  configuration  Is  shown  in  Figure  19. 

The  experimental  design  consisted  of  a  10  x  10  Latin  Square  (Winer,  1971) 
to  counterbalance  order  effects  across  the  10  subjects.  Rows  of  the  Latin 
Square  were  composed  of  balanced  orderings  of  the  10  split-field  raster  pat¬ 
terns  shown  at  the  bottom  of  Figure  19.  The  10  stroke  symbol  patterns  were 
combined  with  this  Latin  Square  such  that  each  of  the  10  stroke  patterns 
appeared  once  In  each  row  and  equally  often  with  each  raster  pattern  across 
the  10  rows.  The  effect  of  the  balancing  procedure  was  to  produce  equivalent 
test  rows  such  that  each  stroke-background  combination  was  replicated  four 
times  per  row.  Each  subject  began  the  test  with  a  different  row  of  the 
balanced  Latin  Square,  and  the  stroke/raster  brightness  contrast  ratio  was 
manipulated  between  rows.  A  wlthln-subjects  statistical  model  with  repeated 
measures  characterized  the  design  (see  Kirk,  1968),  with  stroke  color,  back- 
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ground  color  (rasters  or  reflected  ambient),  and  stroke/raster  brightness 
contrast  ratio  as  the  Independent  variables.  Mean  percent  correct  color 
discrimination  was  the  dependent  measure. 

Since  the  determination  of  the  minimum  stroke  brightness  levels  required 
to  ensure  reliable  discrimination  between  stroke-written  colors  on  all  back¬ 
grounds  was  a  major  test  objective,  stroke  brightness  steps  were  calibrated 
according  to  a  scale  based  on  the  brightness  contrast  ratio  between  stroke  and 
raster  colors.  Raster  brightness  was  fixed  at  the  level  determined  In  the 
previous  test  phase,  and  stroke  brightness  was  manipulated  synchronously  for 
all  stoke  colors  according  to  equal  steps  In  the  stroke/raster  contrast  ratio. 
The  contrast  ratio  was  Incremented  after  each  test  row  (IQ  test  patterns) 
until  an  error  free  series  was  completed  or  maximum  display  brightness  was 
reached.  The  starting  contrast  ratio  value  was  always  a  nominal  4.0  on  the 
defined  scale. 

Prior  to  beginning  visual  testing,  the  test  subjects  were  shown  all  of 
the  stroke  and  raster  colors  under  both  dark  and  high-ambient  viewing  con¬ 
ditions.  The  colors  were  named  for  them  and  they  were  given  a  chance  to 
familiarize  themselves  with  the  test  apparatus  and  sample  test  patterns.  As 
In  the  previous  test  phase,  the  experimental  task  consisted  of  a  comparative, 
forced-choice  color  naming  task.  Upon  presentation  of  a  test  pattern,  sub¬ 
jects  were  required  to  name  In  order:  1)  the  color  of  the  top  half-field 
background;  2)  the  color  of  the  bottom  half-field  background;  3)  the  colors  of 
the  top  row  of  stroke  symbols  from  left  to  right;  and  4)  the  colors  of  the 
bottom  row  of  stroke  symbols  from  left  to  right.  Only  the  seven  display 
colors  being  tested  and  the  word  "blank"  were  permissible  responses. 

Due  to  the  complexity  and  length  of  the  test,  It  was  decided  that  a 
criterion  of  100%  correct  color  discrimination  was  unrealistic.  Random  errors 
resulting  from  subject  fatigue  or  other  factors  unrelated  to  color  perception 
(l.e.,  "experimental  noise")  are  likely  to  Influence  the  data  under  such 
conditions,  and  a  criterion  demanding  error-free  performance  from  all  subjects 
would  either  be  unattainable  or  artlfactually  result  in  unnecessarily  high 
brightness  levels.  For  these  reasons,  a  criterion  of  95%  mean  correct  color 
discrimination  for  all  stroke  and  raster  colors  was  adopted. 

Test  Results 

The  major  results  are  summarized  In  Figures  20-22.  Each  bar  in  these 
figures  represents  the  mean  of  200  trials.  Stroke  color  discrimination  Is 
shown  averaged  across  backgrounds  (raster  colors  and  reflected  ambient)  since 
an  analysis  of  variance  on  the  complete  data  set  revealed  that  the  background 
did  not  significantly  Influence  stroke  color  discrimination  performance.  This 
factor  will  not  be  considered  further.  The  obvious  trend  toward  Improving 
performance  with  Increases  In  the  stroke/raster  contrast  ratio  was  found  to  be 
statistically  significant.  Further  statistical  tests  on  this  factor  Indicated 
that  stroke  color  discrimination  Improved  significantly  when  the  contrast 
ratio  Increased  from  4.0,  but  that  further  Increases  beyond  a  contrast  ratio 
of  5.0  produced  no  reliable  Improvements  In  performance.  All  seven  stroke 
colors  met  or  exceeded  the  95%  criterion  at  a  nominal  stroke/raster  contrast 
ratio  of  5,0.  The  main  effect  for  stroke  colors  was  significant  as  was  the 
Interaction  between  stroke  colors  and  contrast  ratio.  These  two  effects 
reflected  the  fact  that  the  colors  magenta,  purple,  and  cyan  produced  the 
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poorest  color  discrimination  performance  at  the  lowest  contrast  ratio,  and 
therefore  benefited  the  most  from  Increases  in  stroke/raster  contrast  ratio. 
Mean  color  discrimination  performance  for  the  raster  colors  was  97.6%, 
replicating  the  results  of  the  previous  raster  test. 

Figure  23  shows  a  confusion  matrix  which  indicates  the  ID  values  and 
errors  between  the  seven  stroke  colors  at  a  stroke/raster  contrast  ratio  of 
5.0.  The  matrix  reveals  three  Important  facts:  1)  errors  were  not  uniformly 
distributed  between  color  combinations;  2)  numbers  of  errors  between  colors 
were  not  highly  correlated  with  the  ID  values  between  colors;  and  3)  the  ID 
values  between  colors  were  all  considerably  higher  than  the  figure  of  merit 
(ID  a  .6)  proposed  by  Qalves  and  Brun  (1975).  In  contrast  to  the  overesti¬ 
mated  brightness  values  for  large  raster  fields,  the  computer  color  model 
tended  to  underestimate  brightness  requirements  for  small,  stroke-written 
color  Images. 

A  further  Inspection  of  Figure  23  shows  three  regions  of  disproportion¬ 
ately  high  error  rates.  Color  confusions  between  cyan  and  green  may  be 
attributable  to  small-field  tritanopia,  a  loss  of  color  discrimination  ability 
with  small  visual  fields  often  resulting  In  blue-green  confusions  (see  Farrell 
&  Booth,  1973).  The  present  findings  support  the  general  recommendation  that 
small  color  fields,  particularly  In  the  blue  region,  be  avoided  (Krebs  et. 
al.,  1978;  Semple  et.  al.,  1971).  The  two  other  regions  of  relatively  high 
color  confusion  were  between  red  and  magenta  and  between  magenta  and  purple. 

The  reasons  for  confusion  In  these  regions  are  less  clear,  but  may  be  partly 
explained  by  the  relative  unfamlllarlty  of  colors  in  the  purple  family.  In 
any  event,  all  ten  of  the  pilots  tested  found  the  color  purple  objectionable. 
Pilots'  comments  Indicated  that  the  brightness  and  clarity  of  the  small  purple 
Images  was  unacceptable.  Based  on  these  findings,  It  was  decided  to  eliminate 
purple  from  the  repertoire  of  stroke  colors  but  retain  the  capability  to  use 
purple  for  future  raster  applications. 

The  final,  verified  repertoire  of  seven  stroke  colors  Is  shown  plotted  In 
CIE  X-Y  coordinates  In  Figure  24.  The  vectors  emanating  from  each  color  point 
Illustrate  the  chromatlclty  shifts  resulting  from  8000  Ft.-c  of  display 
Illumination.  Post  test  chromatlclty  and  brightness  measurements  for  all 
stroke  colors  may  be  found  In  the  top  section  of  Table  2.  Again,  these  data 
are  directly  applicable  only  to  the  particular  display  hardware  tested.  They 
are  not  Intended  as  general  guidelines  or  specifications  for  all  color  CRT 
display  systems. 

The  brightness  specifications  presented  In  Table  2  are  the  minimum  bright¬ 
ness  levels  required  for  criterion  color  discrimination  performance^  As  such, 
they  represent  display  performance  requirements.  When  available,  display 
brightness  falls  below  these  levels,  whether  by  display  aging  or  some  malfunc¬ 
tion,  color  coding  of  displayed  information  will  be  rendered  less  effective 
due  to  degraded  color  discrimination  performance.  In  practice,  available  new 
display  brightness  should  be  some  multiple  of  these  minimum  levels  to  allow 
for  decreasing  brightness  capability  as  the  display  ages.  The  usable  life  of 
a  color  CRT  display  is  directly  related  to  the  ratio  of  available  display 
brightness  and  minimum  required  brightness.  For  the  Boeing  systems,  available 
brightness  for  a  new  color  CRT  is  in  excess  of  twice  the  minimum  brightness 
levels  determined  In  the  present  tests.  Useable  display  life  has  been  pro¬ 
jected  to  be  In  the  range  of  10,000  to  15,000  hours. 
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STROKE/RASTER  COLOR  AND  BRIGHTNESS  TEST 
LOW  AMBIENT  PHASE 


OBJECTIVES 

The  final  phase  of  color  selection  and  verification  testing  Investigated 
color  display  characteristics  under  low  ambient  viewing  conditions.  The 
verification  of  color  discrimination  performance  with  the  specified  seven 
color  repertoire  was  one  major  objective.  In  general,  an  observer's  contrast 
sensitivity  and  color  perception  deteriorates  as  display  background  and  symbol 
brightness  decreases  (Graham,  1965b i  Burnham  et.  al.,  1963).  Colors  displayed 
against  a  dark  background  are  often  perceived  as  being  less  saturated  or  pure 
than  when  a  light  background  Is  present  (Pitt  &  Winter,  1974).  Thus,  although 
a  color  CRT  display  exhibits  greater  brightness  contrast  and  color  purity  In  a 
low-ambient  lighting  environment,  an  observer's  sensitivity  to  color  differ¬ 
ences  diminishes.  The  second  major  objective  of  low  ambient  testing  was  the 
Investigation  of  subject- preferred  levels  of  color  saturation,  since  highly 
saturated  colors  can  produce  exaggerated  perception  of  apparent  depth  (chromo- 
stareopsls)  and  degrade  visual  acuity  (Farrell  &  Booth,  1975;  Riggs,  1965 i 
Semple  et.  al . ,  1971).  Increases  In  pupil  size  for  the  dark-adapted  eye  would 
tend  to  enhance  any  undesirable  visual  effects  caused  by  high  color  saturation. 

Test  Methods  and  Procedures 


Participating  Subjects 

Ten  Boeing  pilots  and  flight  engineers  participated  In  this  last  test 
phase.  All  of  the  subjects  were  male  and  ranged  In  age  from  38  to  62  years 
with  a  mean  of  46.6  years.  They  were  randomly  selected  from  the  population  of 
Boeing  pilots  and  flight  engineers  possessing  current  Class  I  medical  certifi¬ 
cates.  Four  of  the  subjects  had  participated  In  the  previous  high-ambient 
col  O''  testing. 

Test  Equipment 

The  basic  test  setup  has  been  described  In  earlier  sections.  However, 
two  features  were  unique  to  this  test  phase.  The  first  Involves  the  control 
of  color  purity.  The  electronics  board  and  test  console  contained  circuitry 
and  calibrated  potentiometers  enabling  Independent  color  purity  adjustment  for 
all  of  the  colors  except  white  (by  definition  white  Is  a  color  of  minimum 
purity).  The  range  of  adjustment  allowed  purity  to  be  varied  for  each  color 
from  Its  specified  zero-ambient  chromaticity  (l.e.,  Its  location  on  the 
boundary  of  the  CRT  color  triangle)  through  pastel  to  white  along  a  vector 
passing  through  CIE  Source  C.  The  second  equipment  feature,  unique  to  this 
test  phase,  pertains  to  the  production  of  the  low-ambient  lighting  environ¬ 
ment.  A  reasonable  night  time  level  of  cockpit  Illumination  was  estimated  to 
be  .1  Ft.-c.  This  ambient  Illumination  was  produced  by  adjustment  of  both 
fluorescent  and  Incandescent  lighting  In  the  test  area  until  .1  Ft.-c  was 
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measured  at  the  face  of  the  test  display. 

Procedures 

Visual  testing  was  conducted  in  two  parts.  In  the  first  part,  color 
discrimination  performance  was  measured  with  the  fully  saturated  color  set. 

The  test  patterns,  experimental  task,  and  basic  procedures  were  Identical  to 
those  used  for  high-ambient  testing.  Since  display  brightness  was  not  a 
critical  factor  with  such  dark  viewing  conditions,  subjects  were  permitted  to 
adjust  the  brightness  of  the  display  to  a  comfortable  level.  The  stroke/raster 
contrast  ratio  was  fixed  at  the  previously  determined  value.  An  abbreviated 
series  of  counterbalanced  test  patterns  which  contained  all  of  the  critical 
color  combinations  was  used. 

Part  two  Involved  the  determination  of  subject-preferred  levels  of  color 
saturation.  Special  test  patterns  were  developed  for  this  purpose  and  are 
graphically  described  In  Figure  25.  Each  of  the  seven  stroke  colors  was 
presented  once  on  both  top  and  bottom  half-fields,  and  the  stroke  symbols  of 
each  color  were  vertically  aligned  such  that  a  given  color  appeared  In  the 
same  position  on  both  top  and  bottom  fields.  The  top  half-field  was  always 
one  of  the  four  raster  colors  and  the  bottom  half-field  was  always  blank.  The 
patterns  allowed  a  direct  comparison  between  stroke  color  appearance  on  the 
dark  and  colored  backgrounds,  and  provided  a  reference  for  the  effects  of 
color  desaturation.  An  EADI  test  pattern  was  also  used,  and  was  modified  so 
that  It  contained  all  colors.  The  stroke/raster  contrast  ratio  was  fixed  at 
the  nominal  5.0  value. 

The  four  steps  In  the  desaturation  test  procedure  are  described  at  the 
bottom  of  Figure  25.  Subjects  were  Instructed  to  request  changes  In  color 
saturation  Individually  for  each  color  (either  more  or  less  color  purity) 
according  to  their  preference  and  changes  In  display  brightness  were  permitted 
at  any  time.  The  Instructions  to  subjects  emphasized  that  the  Image  quality 
or  focus  of  the  displayed  symbols  could  be  varied  by  changes  In  color  satura¬ 
tion  and  that  perceptions  of  apparent  depth  between  colors  could  also  be  modi¬ 
fied  in  this  manner.  They  were  Instructed  to  attempt  to  minimize  any  undesir¬ 
able  image  blurring  or  depth  effects  by  requesting  color  saturation  changes. 
Repetitions  of  each  pattern  provided  a  means  of  checking  the  consistency  of 
subjects'  adjustments.  Color  saturation  and  display  brightness  adjustments 
were  recorded  after  each  test  pattern  presentation. 

Prior  to  beginning  the  tests  in  this  phase,  subjects  were  shown  example 
test  patterns  and  all  stroke  and  raster  colors.  The  effects  of  changing  color 
purity  were  also  demonstrated  for  each  of  the  colors.  Testing  began  after  a 
dark  adaptation  period  of  15  minutes  had  elapsed. 

Test  Results 

Color  discrimination  performance  under  the  .1  Ft.-c  ambient  viewing 
conditions  Is  Illustrated  In  Figure  26.  Each  bar  represents  the  mean  of  100 
trials.  The  95%  performance  criterion  was  satisfied  for  all  seven  colors. 

Figure  27  summarizes  the  results  of  color  saturation  testing.  The 
numbers  In  the  columns  corresponding  to  each  test  subject  indicate  whether 
that  subject  chose  to  dt saturate  a  particular  color  In  either  the  first  or 
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second  test  sequence.  The  absence  of  a  number  In  any  position  means  that  the 
subject  chose  to  leave  the  color  In  Its  most  saturated  form.  In  a  number  of 
cases,  subjects  requested  more  color  purity  than  was  available.  The  data, 
therefore,  show  subjects'  tendencies  to  desaturate  the  Individual  colors  and 
not  the  magnitude  of  saturation  adjustments. 

Several  facts  are  apparent  from  Figure  27.  The  tendency  to  desaturate 
colors  was  primarily  limited  to  the  colors  green,  red,  and  cyan.  Desaturation 
adjustments  were  not  very  consistent;  within  any  given  color  only  three  sub¬ 
jects  at  most  elected  to  desaturate  that  color  in  both  test  sequences.  While 
there  was  a  slightly  higher  frequency  of  saturation  adjustments  In  the  second 
test  sequence,  there  were  no  statistically  reliable  difference  In  the  tendency 
to  desaturate  colors  between  the  first  and  second  sequences. 

Subjective  comments  from  the  group  of  pilots  tested  indicated  that 
slightly  blurred  Images  and  apparent  differences  in  depth  between  colors  were 
perceived  by  some  of  the  pilots.  However,  none  of  the  pilots  found  these 
effects  particularly  objectionable  or  distracting.  In  general,  pilots 
preferred  maximally  saturated,  vivid  colors  and  were  unwilling  to  sacrifice 
color  purity  for  any  potential  benefits  In  image  quality.  Subsequent  opera¬ 
tional  testing  of  the  Boeing  displays,  with  many  hours  spent  viewing  the  color 
CRTs  In  a  dark  simulator  environment,  has  shown  that  the  colors  selected  are 
highly  acceptable  for  prolonged  periods  of  low-ambient  viewing. 


OVERVIEW  AND  CONCLUSIONS 


The  present  paper  has  described  the  human  factors  and  display  hardware 
considerations  which  Impact  the  selection  of  colors  for  today's  modern  air¬ 
borne  color  CRT  displays.  The  analytical  and  experimental  methods  employed  by 
Boeing  In  the  development  of  color  CRT  display  systems  for  the  new  757/767 
commercial  jetliners  were  presented  In  detail.  More  Important  than  the  spe¬ 
cific  data  presented  Is  an  awareness  of  the  critical  factors  which  constrain 
the  use  of  color  and  the  methodology  for  confronting  them.  The  color  CRT 
display  offers  great  potential  advantages  for  a  variety  of  airborne  applica¬ 
tions;  however,  the  viability  of  any  color  display  concept  rests  on  tne  assump¬ 
tion  that  the  visual  and  perceptual  requirements  of  the  display  user  can  be 
satisfied. 

The  proliferation  of  color  display  technology  in  commercial  aviation  does 
not  lighten  the  task  of  the  military.  Problems  of  display  visibility  and 
color  perception  caused  by  dynamically  changing  ambient  Illumination  will  be 
even  more  severe  In  the  bubble-canopy  cockpits  of  many  military  aircraft. 

Color  will  likely  be  used  to  code  Information  in  a  way  which  Is  more 
critically  demanding  of  accurate  color  perception.  Recognition  of  the 
complexity  and  Importance  of  these  Issues  Is  mounting  as  advances  In  color 
display  technology  open  up  new  areas  of  application  (e.g. ,  Waruszewski,  1981). 

There  Is  a  real  and  Immediate  need  for  more  programmatic  research 
activity  on  the  human  factors  aspects  of  color  displays.  Continued  reliance 
on  extensive  human  performance  testing  to  verify  new  display  concepts  and 
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define  specifications  will  hinder  future  developments.  In  the  area  of  color 
selection,  there  has  been  a  recent  trend  toward  the  development  of  analytical 
models  of  color  perception  with  the  hope  that  such  techniques  can  solve  the 
problems  confronting  the  display  designer.  Currently  available  analytical 
models,  while  certainly  a  step  In  the  right  direction,  are  not  sufficiently 
precise  to  accomplish  this  task.  There  Is  a  basic  failure  to  account  for  the 
complexity  of  the  visual  process.  Future  research  must  strive  to  integrate 
such  factors  as  field  size,  number  of  colors,  and  mode  of  color  discrimination 
performance  Into  the  present  formulations.  The  incorporation  of  more 
parameters  characterizing  a  visual  display  will  ultimately  produce  analytical 
techniques  which  minimize  the  need  for  repetitive  and  expensive  human 
performance  testing.  The  design  of  more  effective  color  display  formats  and 
color  coding  applications  will  also  benefit  from  more  programmatic  research 
efforts.  The  payoff  Is  that  today's  rapid  advances  In  color  technology  will 
permit  the  development  of  more  Integrated,  efficient  methods  of  Information 
display  for  tomorrow. 

Airborne  color  displays  are  here  to  stay.  The  burden  is  on  us,  the  human 
factors  specialists  and  display  designers,  to  see  that  their  full  potential  Is 
realized. 
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Index  of  Discrimination  in  Photocoiorimetric  Space 
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Color  Verification  Test  Results 
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Cotor  Domain  Intensity  Domain 
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HIERARCHIAL  HUMAN  FACTORS  ANALYSIS 
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FIGURE  12.  COLOR  DISPLAY  TEST  SET-UP 
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FIGURE  13.  RASTER  COLORS  LOCATED  IN  CIE  1931  COORDINATES 

The  numbers  1-5  on  the  RED-GREEN  axis  indicate  the  location 
of  the  5  AMBERS  tested.  The  point  marked  RA  designates  the 
coordinates  of  the  Reflected  Ambient  Illumination. 
Directional  Vectors  show  color  shifts  due  to  8000  Ft.-C  of 
Ambient  Illumination. 
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Raster  Field  Test  Pattern 


Raster  Half-Fields 

Green 

Red 

Amber  (1, 2,  3,4,  5) 
Cyan 

Blank  (Ambient) 


Test  Conditions 

Ambient  Illumination  =  8000  ttC 
Test  Subjects  =  8  Boeing  Employees -Color  Vision 
Screen  With  American  Optical  HRR  Abbreviated  Color  Vision  Test 

Red-Yellow-Green  Test 


Each  Subject  Tested  With  Family  of  5  Ambers  in  Counterbalanced  Design 

Green  Blank  Red  Blank  Amber  Red  Amber  Green 

Blank  Green  Blank  Red  Red  Amber  Green  Amber 


Cyan-Ambient  Test 
Randomized  Presentatiun  Order 


Blue 

Blank 


Blank 

Blue 


FIGURE  14.  RASTER  TEST  PATTERN  AND  SUMMARY  OF  RASTER  TEST  CONDITIONS 
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100 


0  1  2  3  4  5 


AmbarChromntlolty 

FIGURE  15.  RED-AMBER-GREEN  RASTER  COLOR 
DISCRIMINATION  PERFORMANCE  AS 
A  FUNCTION  OF  AMBER  CHROMA- 
TICITY 


FIGURE  16.  RED- AMBER-GREEN  RASTER  COLOR 
DISCRIMINATION  PERFORMANCE  AS 
A  FUNCTION  OF  DISPLAY  BRIGHTNESS 
LEVEL 
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Discrimination  Test  Pattern 


Stroke  Symbols 

Green 

Red 

Amber 

Cyan 

White 

Magenta 

Purple 


Raster  Half-Fields 

Green 

Red 

Amber 

Cyan 

Blank  (Ambient) 


Test  Conditions 

Ambient  Illumination =8000  Ft-C 

Test  Subject «  I  0  Boeing  pilots  and  flight  engineers 

Raster  Background  Conditions: 


Upper  Half-Field 

Green  Green  Cyan  Blank  Red  Red  Blank  Amber  Amber  Cyan 

Red  Amber  Green  Green  Amber  Cyan  Red  Cyan  Blank  Blank 

Lower  Half-Field 

FIGURE  19.  STROKE/RASTER  COLOR  TEST  PATTERN  AND  SUMMARY  OF  TEST  CONDITIONS 
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Stroke  Colors 


FIGURE  20.  STROKE  COLOR  DISCRIMINATION  PERFORMANCE 

(AVERAGED  ACROSS  COLOR  RASTER  AND  REFLECTED 
AMBIENT  BACKGROUNDS).  STROKE/RASTER 
CONTRAST  RATIO  =  4 


Stroke  Colors 


21. 


AMBIENT  BACKGROUNDS).  STROKE/RASTER  CON  KAo 


FIGURE  22 


Stroke  Colons 


cTDntfc  mi  DR  DISCRIMINATION  PERFORMANCE 

?SageS  Across  COLOR  raster  and  reflected 
ambient  backgrounds),  stroke/raster 

CONTRAST  RATIO  =  6 
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Green 


Magenta 


ID 


ERRORS 


FIGURE  23. 
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Coordinate 


Desaturation  Test  Pattern 


Stroke  Symbols 

Green 

Red 

Amber 

Cyan 

White 

Magenta 

Purple 


Test  Conditions 

Ambient  Illumination  -  G.1  Ft-C 

Test  Subjects;  --  10  Boeing  pilots  and  flight  engineers 


Test  Sequence 

1 .  Low  ambient  color  verification  using  phase  I  test  patterns 
?..  Color  saturation  adjusted  individually  for  each  color  on 
Desaturation  Test  Pattern  according  to  pilot  preference 

3.  Color  saturation  adjusted  individually  for  each  color  on  Modified  ADI  Test 
Pattern  according  to  pilot  preference 

4.  Repeat  step  2. 

5.  Repeat  step  3. 


FIGURE  25.  COLOR  DESATURATION  TEST  PATTERN  AND  SUMMARY  OF 
LOW- AMBIENT  TEST  CONDITIONS 


F/A-18  HORNET  CREW  STATION 
Eufttn*  C.  Ada 
McDonnell  Aircraft  Company 


ABSTRACT 

'  Tha  F/A-18  Hornet  Craw  Station  rapraaanti  a  considerable  atap  forward  In  tha  application  of  Inte¬ 
grated  control*  and  computer  controlled  displays  to  tha  reduction  of  pilot  workload  and  enhancement  of 
mlaalon  auccaaa.  l'ha  Hornet  crew  atsi 'on  design  requirements  waa  to  essentially  provide  tha  capability 
contained  In  both  the  F-4  and  A-7  weapon  eyataaa  eo  a*  to  perform  both  tha  lighter  and  attack  rolea,  make 
It  operable  by  one  pilot,  and  incraaaa  mlaalon  reliability  by  a  combination  of  Improved  hardware  relia¬ 
bility  and  functional  redundancy. 

To  put  thla  requirement  In  perapectlve,  tha  F/A-18  cockpit  hat  40X  leaa  uaabla  area  than  any  of  lta 
contamporarlei.  Thie  ataa  eonatralnt  nacaaattatad  axtanalva  Integration  of  tba  weapon  syatam  eontroli  and 
v  display*.  Tha  raaultant  craw  atntlon  faaturaa  four  mulelpurpota  cathoda-ray  dlaplaya  driven  by  two  mla- 
•lon  computer*,  an  Integrated  upfront  control  panel,  and  maaaroua  automatic  functlona  on  tha  "stick  and 
throttla".  ifhla  paper  describe*  tha  rational*  leading  up  to  tha  configuration  and  pvaaanta  a  few  example* 
of  tha  ona-man-oparabillty  faaturaa  of  the  Hornet  and  how  they  would  be  uaad  by  tha  pilot.  Tha  craw  sta¬ 
tion  deilgn  waa  generated  and  validated  by  a  vigorous  procaaa  of  analyala  and  almulatlon  and  la  currently 
undergoing  flight  evaluation  In  eleven  Hornet  Aircraft  at  the  Navy  teat  facility  at  Patuxent  River, 
Maryland. 


INTRODUCTION 


The  Navy  and  Marine  F/A-18  Hornet  atrlke-f lghtar  (Figure  1)  being  developed  by  McDonnell  Douglaa  uses 
integrated  controla  and  four  computer  elded  dlaplaya  to  allow  tha  pilot  to  parfora  both  tha  fighter  and 
the  attack  roles  of  the  F-A  Phantom  and  A-7  Corsair  from  on*  cockpit.  No  Internal  hardware  or  aoftwar* 
reconfiguration  1*  necessary  to  twitch  fighter  and  attack  rolaa.  Tha  rol*  tha  aircraft  will  perform  la 
determined  solely  by  the  external  senaor*  and  weapon*  loading  and  in  fact,  tha  Hornet  can  be  configured  to 
carry  mlaallaa,  bomba,  and  gun  aamo  to  parfarm  the  combined  atrlke/f  lghtar  ml  talon.  Thla  dual  role  capa¬ 
bility  la  mada  poaalblt  by  the  uaa  of  multi-function  dlaplaya  with  progranmabl*  awltcha*  aurroundlng  aacb 
dlaplay,  a  programmable  Up-Front  Control  that  Integrate*  many  previously  separate  control  and  aanaor 
oanela  and  the  Implementation  of  numerous  software  controlled  computer*  and  mlcroprocaiaora  distributed 
throughout  the  varloua  element*  of  tha  weapon  syatam,  Ona-man-oparablllty  was  of  paramount  concern  during 
the  weapon  system  definition  and  Integration  phase*  and  It  waa  validated  by  a  continuing  sarlai  of 
pllot-ln-thn  loop  almulatlon*  at  the  McDonnell  simulation  facility. 


FIGURE  t 
FlA.1l  HORNET 


COCKPIT  mg 


The  quest  for  good  aerodynamic  partoraanca ,  fishbowl  visibility,  and  minimum  weight  resulted  In  an 
alrfrana  whoaa  cockpit  instrument  panal  and  coniola  araa  vaa  40X  laaa  than  contemporary  aircraft  such  as 
tha  P-4,  A- 7,  or  F-15,  yat  thara  wara  more  ayataaa  to  control  and  dlaplay  In  that  anallar  araa.  It  vaa 
claar  that  to  achlava  ona-aan-oparabllity  of  tha  numaroua  aanaora  and  waapona  on  board,  maximum  advantage 
had  to  b«  taken  of  tha  recant  trend  toward  programmable  digital  waapon  systems  and  computer  aided  control 
and  dlaplay  techntquea,  human  factora  analyala,  aimulation,  And  functional  automation. 

APPROACH  RATIOKALE 


The  Cathode  Kay  Tuba  (CRT)  waa  choaan  aa  tha  dlaplay  wmllum  for  the  three  Identically  formatted 
lndlcatora  shown  In  Plgura  2.  Tha  CRT  has  undergone  ateady  design  Improvements  during  tha  past  40  years 
and  presently  offera  the  beat  combination  of  contrast  and  resolution  In  bright  sunlight*  Acceptable 
reliability  can  be  achieved  aftar  a  combination  of  vibration  and  burn-ln  cycles.  These  multi-purpose 
displays,  in  conjunction  with  tha  Head  Up  Dlaplay  (HUD),  provide  the  pilot  with  all  essential  flight 
Information  for  air  to  air,  air  to  aurfaca,  and  navigation  phases  of  tha  mission. 


FIGURE  3 

FfA'IB  CREW  STATION  LAYOUT 
(MORE  FUNCTIONS  IN  40%  SPACE 
THAN  CONTEMPORARY  AIRCRAFT) 


Tha  HUD  la  tha  prlsury  flight  Instrument  for  waapon  delivery  and  navigation  Including  manual  and 
automatic  carrier  landing  modes.  All  aaaantial  flight  data  auch  aa  apsad,  altitude,  heading,  attitude, 
slphanumnrlc  cuaa,  and  steering  commands  are  projected  on  tha  HUD  combiner  and  focuaad  at  Infinity  for 
aaay  aaalmllatlon  by  the  Pilot.  Tha  Multi-function  Dlaplay  (MFD)  la  tha  primary  sensor  display  for  radar 
attack,  radar  mapping,  and  backup  for  tha  Master  Monitor  Display  (HMD).  Superimposed  on  the  sanaor  data 
la  own-aircraft  data  auch  aa  attitude,  spmad,  altitude,  waapon  atatua,  and  other  alphanumeric  cuaa.  This 
reducaa  pilot  scan  tima  and  allows  aaarch-through-raattack  lagments  to  taka  place  on  ona  dlaplay.  The  HMD 
la  tha  primary  warning,  caution,  EO  and  IK  senior,  armament,  bullt-ln-tsst,  and  scratch  pad  dlaplay.  Tha 
Hbrlaontal  Situation  Display  (H8D)  presents  CRT  ganaratad  plan-view  navigation  Information  superimposed  on 
a  color  film-pro jactad  moving  map  for  easy  navigation  by  tha  pilot.  Tha  HSD  Improves  target  finding 
accuracy  during  attack  mlaslona,  almpliiiaa  navigation  updatas  and  radar  map  matching,  and  provldaa  growth 
for  display  of  nthsr  tactical  data  auch  aa  SW,  electronic  order  of  battle,  navigation  aagnanta,  and 
approximately  200  filmed  data  framea  relating  to  aircraft  ayatama. 


I) 


Direct  benefit*  of  multiple  CRT  dieplay  of  flight  perematen ,  armament  control,  navigation,  and  other 
conventional  paramettre  arei  1)  Pilot  ecan  timet  are  reduced  beoauae  tenaor,  weapon,  and  own-flight 
information  it  grouped  together  at  required  on  each  dieplay;  2)  An  armament  panel  and  more  than  a  doeen 
low  reliability,  electro-mechanical  aervoad  lnetrumante  have  been  deleted  from  the  aircraft,  reducing  life 
cycle  coeta  and  freeing  valuable  cockpit  apace;  3)  Mieaion  reliability  it  enhanced  becauaa  each  of  the 
dlaplay  formate  can  be  preeented  alaawhare  thua  precluding  a  tingle  and  even  dual  dieplay  falluree  from 
cauaing  a  mieaion  abort. 

The  lower  left  corner  of  the  lnetrumant  panel  contalna  engine  and  fuel  lnetrumante  neceaaary  for 
pilot  monitoring  during  aircraft  aalf-atart  on  battery  power.  The  lower  right  corner  of  the  inetrument 
panel  contain  pneumatic  atandby  alrapced,  altitude,  and  vertical  apeed  indicator!  and  a  3"  Attitude 
Director  Indicator  (ADI)  with  a  aelf  contained  gyro  for  uae  in  the  unlikely  event  of  total  power  or 
dieplay  loos. 

The  dieplaye  are  mechanised  (Figure  3)  auch  that  the  MMD  and  MFD  are  identical  and  interchangeable 
black  boxes  thua  reducing  unit  recurring  coata  and  logistic  support.  Each  contains  symbol  generators 
capable  of  driving  two  or  three  displays  depending  on  the  complexity  of  the  modes.  Thus  either  the  HMD  or 
the  MFD  can  drive  itself,  the  HUD,  and  essential  data  on  the  USD  in  a  backup  mode.  This  duel  drive  fea¬ 
ture  provides  a  significant  reliability  improvement  for  the  primary  flight  instrument  function  (HUD)  and 
allows  the  pilot  the  tactical  flexibility  and  mission  reliability  of  putting  aanaor  data  where  ha  wants 
it.  The  two  aaat  trainer  veralon  (TF-18)  usaa  thraa  repeater  type  CRT  displays  In  the  rear  seat  which 
dlaplay  information  corraapondlng  to  their  counterpart*  in  the  front  aaat.  Thai*  hardware  identical 
repeater*  us*  the  same  modules  contained  in  tha  front  and  of  tha  MMD /MFD,  furthar  reducing  life  cycle 
coata. 


PIQURB  3 

F/A-13  DISPLAYS  BLOCK  DIAGRAM 
(MMD  OR  MPD  CAN  DRIVE  UP 
TO  THREE  DISPLAYS) 


owe  MAN  OPERABILITY 


The  one-man-operability  problem  was  approached  with  a  clean  alata.  Tha  email  cockpit,  numaroua 
•anaori  to  control  and  display,  tha  Navy's  naw  look  in  reliability,  maintainability,  and  lower  ownership 
coata  required  a  fraah,  integrated  approach  to  tha  cockpit  design.  Five  years  of  effort  went  into  the 
cockpit  design  starting  with  minion  analyela  and  simulation  and  ending  with  flight  verification  by  a 
twelve  member  Navy/Marina  and  MCAIK  flight  taam. 

Tha  problem  waa  broken  down  Into  thraa  major  workload  araaai  1)  Tima-critical  weapon  and  aanaor 
management  during  combat;  2)  COMM,  NAV,  and  Idant  (CNX)  management  during  all  phasea  of  flight,  espec¬ 
ially  low  visibility  carrier  operational  3)  Hod  in*  and  miscellaneous  requirements,  usually  not  time 
critical  but  neverthelaea  cockpit  apace  and  task  conauaars  in  pravloua  aircraft. 

Tha  aolutlon  to  thaaa  thraa  problems  waa  to  use  computer  aided  control*  and  display*  to  minimise 
vertigo  and  error-ineluding  conaol*  activity  byt  1)  Weapon  and  aanaor  management  via  a  handa-on-throttla- 
and-atlck  (H0TA8)  concept;  2)  CN1  management  via  th*  up-front  control  (UPC)  immediately  in  front  of  the 
pilot;  3)  Maitar  Monitor  Moding  via  th*  switch**  surrounding  th*  three  he ad- down  CRT  display*. 
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HAMM  OH  TBI  THROTTLE  *  STIC*  (HO TAJ) 

The  HOTAS  concept  utilises  twitches  on  tht  stick  and  throttle  (figure  1)  to  allow  the  pilot  to 
control  tht  weapon,  aantort,  and  displays  during  tlae  critical  portions  of  tht  attack  whllt  maintaining 
full  control  of  tha  aircraft .  Although  at  flrtt  glanca  the  number  of  twitches  night  appear  to  be  coaples 
and  confuting  to  operate,  MCAIR  tlmulatlon  and  flight  experience  using  float  pilots  Indicates  they  art 
eetllp  learned  because  the  constant  availability  of  the  twltchea  under  the  pilots'  fingers  ancouraget 
practice  and  there  It  alwape  a  apteifie  vltual  feedback  of  each  selection  on  one  or  wore  of  the  displays. 
Thus  an  Incorrect  selection  can  be  corrected  in  fractions  of  a  second. 

Tha  three  primary  HOTAS  ivitchee  are  tha  Weapon  Selector  and  Auto  Lock-On  talector  on  tha  stick)  and 
the  Target  Designator  on  tha  throttle.  Weapon  selection  automatically  conditions  tha  radar  to  nominal 
parameters  for  range,  atimuth,  elevation  and  Pulae  Repetition  frequency  (PR?)  for  Sparrow,  Sidewinder,  or 
Sun  eeerch.  In  effect,  thle  allova  tha  pilot  to  conveniently  vary  tha  radar  search  pattern  with  hla  right 
thumb.  Tha  HUD,  MFD,  and  HMD  aach  display  aufficlant  portions  of  those  parameters  for  tha  pilot  to  verify 
hla  selection  Immediately.  The  three  Position  Automatic  Lock-On  switch  on  tha  atlck  le  usad  for  visual 
lock-on  and  offers  a  3*  boresight  circle  on  tha  HUD  for  pinpoint  fly-to  lock-on,  a  20*  circle  on  the  HUD 
for  feat  eearch/aaquiaitlon  within  tha  HUD  f lald-of-viaw,  and  a  vertical  acan  racetrack  symbol  opening  off 
the  top  of  the  HUD  for  of f-boraeight  lock-on  wheraby  tha  pilot  rolls  the  aircraft  until  tha  target  le 
centered  above  the  raar-vlaw  alrror  on  the  canopy  bow,  Loek-on  la  automatic  In  all  nodee  atd  1*  conveyed 
symbolically  to  tha  pilot  on  tha  HUD  and  MFD  and  via  a  "LOCK"  light  on  the  canopy  bow. 

Tha  Target  Designator  Control  (TDC)  on  tha  throttle  la  a  force  controlled  ewitch  which  moves  tha 
approprlata  designator  symbol  on  tha  display*  in  any  direction.  Computer  and  senior  designation  It 
tcooapllthad  by  prattlng  and  releasing  tha  TDC  switch.  Tha  nail  cockpit  space  available  and  tha  eaelly 
learned  use  of  tha  TDC  prompted  soma  early  simulator  experimentation  with  TDC  control  of  essentially  all 
radar  control  panel  functlona.  In  a  nutshell,  whan  tha  pilot  wiehaa  to  change  radar,  aelmuth,  mods,  bar 
acan,  or  any  of  tha  numerous  aalactiona  normally  available  on  a  dedicated  radar  panel  ha  alnply  slews  the 
MFD  TDC  symbol  over  tha  displayed  quantity  ha  vlshaa  to  change  and  cycles  the  TDC  button  until  the  dualred 
quantity  appears.  After  a  little  practice,  fleet  pilots  have  demonstrated  the  capability  of  cnanglng  a 
radar  parameter  in  lata  than  a  second  elapsed  time  without  removing  their  hand  from  the  throttle.  This 
feature  not  only  Increases  pilot  af factivanaaa  but  also  delates  a  complex  radar  control  panel  and,  because 
of  the  display  redundancy,  actually  incraaaaa  tha  reliability  of  tha  function. 
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FIGURE  4 

HANDS  ON  THROTTLE  AND  STICK  (HOTA8) 
ALLOWS  HEAD-UP  WEAPON  SELECTION, 
AUTO  LOCK-ON,  ANO  SENIOR  CONTROL 
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The  ROTAS  concept  allows  tha  pilot  to  perform  a  complete  head-up,  sensor  aided  gun  or  mltaili  attack 
f ran  detection  through  weapon  Salivary  without  removing  hit  handa  from  the  atlek  or  throttle.  Stellar 
110TAS  functions  are  per t owed  (or  alr-to-autfaee  weapon  delivery  and  the  pilot  need  only  eeleet  Sparrow, 
Sidewinder,  or  dun  to  revert  to  alr-to-alr  when  toeing  off  the  target. 

CM  MANAGEMENT 

Th*  Up  front  Control  (UPC)  panel  (Figure  5)  eJ Lowe  head-up,  either  hand  control  of  two  UHF/VHF 
radios,  IIS,  Data  link,  TACAN,  Beacon,  /OF,  or  auto  pilot  aodea.  Tha  panel  li  mounted  on  the  front  face 
of  the  HUB  within  eaay  reach  and  view  of  th*  pilot.  The  bottom  tow  of  ewitchee  aalect  functlona  and  the 
upper  area  la  campoyed  of  a  keyboard  and  acratch  pad  readout,  and  five  option  vlndova  on  the  right  elde 
with  aaaoclated  select  buttone.  For  the  example  ahown,  the  pilot  has  selected  a  TACAN  function  with 
channel  125  entered  In  the  keyboard  ecratchpad  and  the  five  TACAN  modes  arc  ahown  In  the  option  windows 
for  pilot  aelection  as  daalrad.  After  tha  "inter"  button  la  daproaaad,  all  data  la  entered  and  the  UFC 
claara.  Tha  statua  of  any  system  or  channel  frequency  is  available  by  simply  pressing  the  appropriate 
function  button.  The  UFC  panel  it  located  10  near  tha  over-noaa  vision  lint  that  the  pilot  can  easily 
perform  numerous  CN1  functions  during  IFR  conditions  In  formation  flight. 


FIGURE  8 

UP  FRONT  CONTROL  OF  RADIOS,  IL8,  DATA  LINK, 
BEACON,  IFF,  TACAN,  AND  ALL  NUMERIC  ENTRIES 
CAN  BE  ACCOMPLISHED  WITH  EITHER  HAND 
WHILE  THE  HEAD  IS  LOOKING  FORWARD 
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MOPING 

Each  of  the  multifunction  displays  have  20  puuh-button  switches  around  their  periphery.  The  display 
(Figure  6)  la  formatted  such  that  whan  sensor  data  la  called  up,  a  quarter  Inch  strip  of  the  perimeter  of 
the  CRT  la  iivellobte  for  display  of  the  primary  controls  for  that  sensor.  The  example  shown  allows  pilot 
selection  of  wide  or  narrow  f  '*ld-of-vlew,  positive  or  negative  picture  formal,  freese,  snowplow,  a  pitch 
ladder,  and  other  functions  Important  to  the  effective  vise  of  that  sensor  without  diverting  the  pilot's 
attention  from  tha  sensor,  The  primary  controls  and  display*  extend  from  the  lnetrumsnt  panel  about  four 
tnchee  but  still  cuteld*  of  the  ejection  envelope  to  allow  the  pilot  to  reach  them  without  unlocking  or 
straining  agalnit  the  shoulder  harness  (Figure  1). 
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PIQURE  « 

THE  THREE  CRT  DISPLAYS  EACH  HAVE  20  SWITCHES 
AROUND  THEIR  PERIPHERY  TO  ALLOW  PILOT 
SELECTION  OP  RELATED  SENSOR  PUNCTIONS 
WITHOUT  DIVERTING  ATTENTION  PROM  THE  SENSOR 


PIQURE  T 

P/A-1S  HORNET  COCKPIT 


MEAOBR  CONSOLE  ACTIVITY 


Th*  HOTAS  concept,  UFC,  and  display  Moding  techniques  essentially  eliminate  coneole  activity  except 
(or  Infrequent,  low  priority  item*  auch  ae  lnetrument  lighting,  temperature  control,  some  senior  ON/OFF 
and  NAV  alignment  functions  all  of  which  are  not  time  critical,  thue  eignlf lcantly  reducing  the  chance  of 
pilot  error  and  vertigo, 

SIMULATOR  VERIFIED 


The  simulator  program  began  long  before  the  award  of  the  F/A-1R  contract  to  McDonnell  Douglas  to 
verify  the  HOTAS,  Up-Front,  and  Moding  concepts  to  ensure  credibility  of  the  proposed  approach. 

The  present  simulator  configuration  repreeante  the  full-up  aircraft  weapon  system  with  all  the  <•„„ 
trole  and  dleplaye  operational.  It  le  housed  In  e  40  foot  dlemeter  dome  on  which  out-the-vfmlov  graphics 
ste  displayed  for  el  .'-to-ground,  alr-to-eir,  and  carrier  lending.  This  simulator,  In  conjunction  with  one 
or  two  other  domes,  Is  used  for  one-on-one  and  two-on-on*  air  combat  engagements. 

tn  addition  to  continuous  refinement  of  the  one-man-operability  techniques  by  MO  AIR  pilots,  a  seven 
member  eyetem  advtaory  panel  coneletlng  of  fleet  pilots  from  the  Nevy  and  Marine  fighter  and  attack 
community  fly  the  simulator  for  periods  up  to  one  week,  numerous  times  a  year  to  verify  that  fleet  opera- 
ttonnl  doctrine  end  experience  are  brought  to  beer  on  the  design  as  early  as  possible.  These  simulations 
ere  fully  Instrumented  and  provide  a  statistical  and  qualitative  figure  of  merit  for  alternate  approaches 
to  one-men-opereblllty  concepts. 

The  final  phases  of  the  simulator  program  Included  the  Installation  of  the  actual  aircraft  hardwaro 
Into  the  simulator  for  Integration  and  closed  loop  dynamic  operation  by  MCA1R  and  fleet  pilots  prior  to 
the  Initiation  of  flight  testing. 

FLIGHT  TE9T1NO 


The  Hornet  full  scale  development  program  constats  of  nine  single  place  and  two  trainer  (two  place) 
aircraft.  Th*  first  Hornet  flight  took  piece  at  the  McDonnell  facility  In  St.  Louis  on  Novemhcr  IS,  197R 
with  Chief  Test  Pitot  Jack  Brings  at  th*  control*,  end  einco  that  time  the  Plight  Test  Program  hna  boon 
progressing  stasdlly  at  Patuxent  River  Maryland,  end  Point  Mugu  California  presently  accumulating  over 
4,000  hours  flight  time.  It  1*  the  general  consensu*  of  th#  MCAIR  end  Navy  Marine  pilots  that  the  display 
concept  end  woepon  eyetem  Is  Indeed  versatile,  reliable,  and  one-man-operable.  The  flight  tost  program 
will  continue  through  mld-1982  at  which  time  fleet  Introduction  will  begin. 
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BIO  R,  ttW  M 

The  nsw  look  In  the  U.8.  Havy  calls  for  reliability  improvement*  of  three  to  five  time*  those 
currently  experienced  In  the  fleet,  and  taalntenanea  level*  of  one-half  etioee  of  preaent  carrier  aircraft. 
Th*  Mating  of  thl*  requirement  was  pursued  In  a  varlaty  of  wayai 

1.  R,  M,  and  coat  war*  conaidered  equivalent  to  performance  and  weight  In  all  dealgn  daclalon*. 

2.  R  &  H  requirement  guarantees  (not  goals)  Imposed  on  MCA1R  and  subcontractor*. 

3.  Incentives  were  available  to  MCA1R  and  selected  subcontractors  for  exceeding  th*  R  &  M  require¬ 
ment. 

4.  A  stringent  parts  screening  program,  derating  requirements,  and  detailed  reliability  dealgn 
guidelines  was  implemented. 

3.  Rarly  hardware  reliability  development,  test,  analyst,  and  fix  required  on  all  major  systems 
giving  a  two  year  Jump  on  most  past  reliability  programs. 

6.  Realistic  aircraft  operational  mission  environment*  were  imposed  during  design  and  development 
taata  on  kmy  ay a tome. 

Mleslon  reliability  la  further  enhanced  by  the  display  and  computer  redundancy.  Life  cycle  cotta  art 
reduced  by  common  display  modules  and  teat  programs.  The  readiness  of  the  weapon  system  it  continually 
monitored  by  bullt-ln-taat  providing  981  failure  detection  and  99*  failure  Isolation.  The  MHD  in  the 
cockpit  preaanta  suitable  failure  indications  to  the  pilot  for  easy  degraded  mode  aasaaamant  and  a  Mainten¬ 
ance  Monitor  Penal  In  the  wheelwall  Indicates  the  failed  unit  to  be  replaced  by  the  maintenance  personnel. 

PtBXtBXLlTV 


hong  term  flexibility  la  built  Into  the  P/A-18.  All  aaaantlal  systems  and  their  parameters  are 
available  on  the  multiplex  bue,  each  of  the  computers  and  displays  have  memory  and  time  growth  capacity, 
and  the  display  formate  are  programmable.  This  flexibility  provide*  growth  for  new  systems,  weapons,  and 
mission*.  Rxamplao  of  easily  aaslmulatad  systems  Include  a  new  tv  aulta,  modern  data  transmission  method* 
(JTIDS),  and  recce/ aanaor  control*  and  display*.  Of  immediate  benefit  to  the  F/A-18  Hornet  1*  that  quick 
modification*  ware  accomplished  during  development  flight  testing  by  this  built-in  weapon  ayatem  flexi¬ 
bility. 
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LING  QUALITIES  OF  A 


1st  GENERATION 
ELECTRONIC  DISPLAY 
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2nd  GENERATION  ELECTRONIC  DISPLAY 
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CONCLUDING  REMARKS 


IMPLEMENTATION  IN  TCV  UPGRADE 
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HF.AD -UP- DISPLAY  FLIGHT  TESTS 

Stephen  J,  Monagan  (M) 
and 

Rogers  E.  Smith  (AM) 

\  Cal  span  Advanced  Technology  Center 

\ 

This  paper  describes  Head-Up-Display  (HUD)  flight  tests  conducted 
for  the  United  States  Navy  and  the  United  States  Air  Force  by  the 
Flight  Research  Branch  of  the  Calspan  Advanced  Technology  Center.  The 
flight  t\st  system  is  outlined,  followed  by  a  discussion  of  HUD  flight 
testing  to  date,  and  finally,  future  HUD  flight  test  activities,^ 

HUD  FLIGHT  TEST  SYSTEM 

The  HUD  flight  test  system  includes  the  NT-33A  variable  "Fly-By- 
Wire",  research  aircraft,  a  programmable  HUD,  and  a  workload  assessment 
device. 


NT-33A  Aircraft 

The  NT-33A  in-flight  simulator  (Figure  1)  is  operated  by  Calspan 
for  the  USAF  Flight  Dynamics  Laboratory,  and  has  been  used  for  fighter 
aircraft  flying  qualities  research  for  many  years.  An  analog/digital 


\ 


response  feedback  variable  stability  system,  together  with  a  center 
stick/side  stick  variable  force  feel  system,  are  used  for  simulation 
of  a  wide  range  of  stability  and  control  characteristics.  A  digital 
data  recording  system  collects  data  for  post  flight  analysis. 

Programmable  HUD 

A  programmable  HUD  was  designed  by  the  General  Electric  Corporation 
Aircraft  Equipment  Division  and  installed  in  the  NT-33  by  Calspan, 
under  a  pVogram  funded  and  directed  by  the  U.S.  Naval  Air  Test  Center 
(NATC) .  ^his  program  and  the  resulting  variable  display  system  were 
called  "DEFT"  for  Display  Evaluation  Flight  Test. 

The  core  of  the  programmable  HUD  is  a  general  purpose  digital 
computer.  Signals  from  various  sensors  are  input  to  the  computer 
(Figure  2).  These  signals  include  air  data;  inertial  position,  veloci¬ 
ties,  and  accelerations;  and  aircraft  angles,  angle  rates,  and  accelera¬ 
tions.!  The  general  purpose  computer  outputs  information  to  the  pro¬ 
grammable  display  generator,  a  separate  digital  computer.  The  pro¬ 
grammable  display  generator  produces  the  symbology  which  is  displayed 
on  the  AVQ-7  HUD  optics  (Figure  3).  A  TV  monitor/repeater  in  the  rear 
cockpit  allows  the  roar  cockpit  safety  pilot  to  observe  the  HUD  sym¬ 
bology.  Mode  control  is  achieved  with  a  rear  cockpit  mode  control 
unit,  and  with  front  cockpit  declutter  and  flight  director  buttons. 
Magnetic  tape  drives  are  used  to  program  the  general  purpose  computer, 
apd  for  data  collection.  Computer  programs,  which  control  the  HUD 
format,  are  developed  on  a  ground  integrated  test  bench. 


Figure  2  DISPLAY  EVALUATION  FLIGHT  TEST  SYSTEM 
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Figure  3  NT-33  HEAD-UP-DISPLAY 


Workload  Assessment  Device 

A  Workload  Assessment  Device  (WAD)  was  also  installed  in  the  NT-33 
as  part  of  the  Naval  Air  Test  Center  DEFT  program.  The  WAD,  designed 
by  the  Systems  Research  Laboratory,  provides  a  quantitative  measurement 
of  a  pilot's  reserve  mental  processing  capacity.  This  measurement  is 
the  result  of  a  secondary  task  which  the  pilot  performs  at  the  same 
time  he  performs  the  primary  flight  task.  A  real*  cockpit  control  panel 
allows  in-flight  control  of  the  WAD.  When  actuated,  the  WAD  system 
causes  the  HUD  to  display  a  single  randomly  selected  letter  at  seven 
second  intervals. 

During  flight  the  pilot  must  decide,  as  quickly  as  possible,  whether 
the  displayed  letter  belongs  to  a  set  of  "positive"  letters  he  memorized 
during  the  mission  briefing.  Three  sets,  containing  one,  two  and  four 
letters,  respectively,  are  used,  The  evaluation  pilot  indicates  posi¬ 
tive  and  negative  decisions  with  control  stick  switches.  The  letter  i? 
removed  from  the  HUD  when  tne  pilot  depresses  a  response  switch,  or 
after  five  seconds,  whichever  occurs  first.  Pilots  are  carefully 
instructed  to  consider  the  WAD  as  a  secondary  task  to  be  accomplished 
without  interfering  with  performance  ,of  the  primary  task.  A  complete 
workload  assessment  requires  four  repetitions  of  the  primary  task.  On 
the  first  repetition  of  the  primary  task,  no  WAD  letters  are  displayed. 

WAD  data  consists  of  pilot  reaction  time  and  error  rate,  as  a 
furrttion  of  memory  set  size  (one,  two,  or  four  letters).  The  basic 
concept  is  that  the  increase  in  reaction, time,  as  memory  letter  set 
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size  is  increased,  will  be  greater  when  primary  task  pilot  workload 
is  high  than  when  primary  task  workload  is  low.  In-flight  WAD  data 
is  compared  with  baseline  WAD  data  acquired  on  the  ground  prior  to 
flight. 

HUD  FLIGHT  TESTS  TO  DATE 

During  the  past  year  Calspan  has  conducted  four  HUD  flight  tests: 

e  Instrument  Landing  HUD  Format  Test 
e  Visual  Carrier  Approach  1IJD  Format  Test 
e  Evaluation  of  HUD  Pitch  Ladder  Scaling 
e  A  HUD  Based  Lateral  Flying  Qualities  Evaluation  Task 

Instrument  Landing  HUD  Format  Test 

The  objective  of  the  Instrument  Landing  HUD  Format  Test,  sponsored 
by  the  Naval  Air  Test  Center,  was  to  compare  two  HUD  formats  during 
blind  Instrument  Landing  System  (ILS)  approach  and  visual  flare  and 
landing,  from  the  (Standpoint  of  pilot  performance  and  workload.  Two 
NATC  test  pilots  served  as  evaluation  pilots. 

The  primary  task  was  divided  into  two  subtasks.  The  first  subtask 
was  to  fly  a  "blind",  or  no  visual  reference,  ILS  approach  using  the 
HUD  as  the  primary  control  and  performance  instrument.  This  subtask 
began  (for  analysis  purposes)  at  glide  path  interception  and  ended  at 
decision  height.  The  second  subtask  was  to  perform  a  visual  flare  and 
landing,  or  low  approach,  using  the  HUD  as  the  primary  performance 
reference.  The  second  subtask  began  at  decision  height  and  ended  at 
touchdown,  or  at  waveoff. 

The  secondary  task  was  the  previously  described  WAD  task, 

A  transparent  amber  film  on  the  NT- 33  canopy  and  a  blue  visor  on 
the  evaluation  pilot's  helmet  allowed  the  simulation  of  blind  instru¬ 
ment  flight.  With  the  blue  visor  down,  the  evaluation  pilot  could  not 
see  outside  the  aircraft,  but  could  see  all  aircraft  instruments  and 
the  HUD  display.  With  the  visor  up,  the  pilot  could  see  outside 
normally. 

Two  different  HUD  formats  were  evaluated:  the  first  was  a  con¬ 
ventional  display  similar  to  that  used  in  the  U.S.  Navy/McDonnell 
Douglas  F/A-16  aircraft;  the  second  display  was  designed  by  Gilbert 
Klopfstein,  French  Service  Technique  Aeronautique. 

Conventional  Display: 

The  conventional  display,  shown  in  Figure  4,  used  a  combined  digital 
and  analog  format.  An  inertial  flight  path  marker  and  pitch  ladder 
(scaled  1:1  with  the  real  world)  showed  inertial  flight  path  angle, 
During  e  blind  ILS  approach,  horizontal  (localizer)  and  certical  (glide 
path)  position  guidance  was  provided  by  horizontal  and  vertical  devia¬ 
tion  indicators,  referenced  to  the  flight  path  marker.  The  aircraft  was 
on  course  and  on  glide  path  when  the  deviation  indicators  were  aligned 
With  the  flight  path  marker.  Displacement  of  the  deviation  indicators 
from  the  flight  path  ma«ker  showed  the  angular  localizer  and  glide 
path  errors  (the  deviation  indicators  <did  not  show  the  bank  or  pitch 
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Figure  4  CONVENTIONAL  HUD  FORMAT 


1.  INERTIAL  FLIGHT  PATH  MARKER  (CAGED  IN  AZIMUTH  AT  PILOT  OPTIONI 

2.  ANGLE  OF  ATTACK  BRACKET  I oCGREATER  THAN  COMMAND.  oL  “  COMMAND  WHEN 
BRACKET  IS  ALIGNED  WITH  FLIGHT  PATH  MARKER). 

3.  HORIZON  LINE 

4.  PITCH  LADDER 

5.  INDICATED  AIRSPEED 

6.  BAROMETRIC  ALTITUDE 

7.  VERTICAL  VELOCITY 

8.  MAGNETIC  HEADING 
B.  HEADING  SCALE 

10.  BANK  ANGLE  SCALE  (30  DEG.  MAX.) 

11.  ANGLE  OF  ATTACK 

12.  MODE  AND  RANGE  TO  TOUCHDOWN 

13.  ILS  DEVIATION  BARS 

H.  LATERAL  ACCELERATION  BALL 
IS,  DECISION  HEIGHT  INDICATOR 
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angle  changes  required  to  return  to  the  1I.S  course  and  glide  path.) 
Digital  heading,  altitude,  and  vertical  velocity  displays  provided 
additional  positional  guidance. 

Digital  angle  of  attack  and  indicated  airspeed,  together  with  an 
angle  of  attack  bracket,  provided  speed  guidance.  The  desired  approach 
angle  of  attack  was  achieved  when  the  bracket  was  aligned  with  the  flight 
path  marker.  Displacement  of  the  bracket  from  the  flight  path  marker 
showed  angle  of  attack  error. 

Klopfstein  Display: 

The  Klopfstein  display,  shown  in  Figure  S,  was  an  all-analog  dis¬ 
play  optimised  for  adverse  weather  takeoffs  and  landings.  An  air  mass 
flight  path  marker  referenced  to  a  horizon  line  showed  air  mass  flight 
pa^h  angle.  Programmed  runway  data  and  ILS  receiver  information  wore 
used  to  generate  a  synthetic  runway  display  which, in  effect,  overlayed 
the  qctual  runway.  During  a  blind  ILS  approach,  the  orientation  of  the 
synthet it  runway  provided  the  pilot  with  horizontal  (localizer)  error 
cues  similar  to  those  used  during  visual  landings.  Runway  heading  and 
aircraft  track  markers  on  the  HUD  horizon  line  provided  additional 
horizontal  guidance. 

Vertical  (glide  path)  ILS  guidance  was  provided  by  the  position  of 
a  Selected  Flight  Path  Marker  (SFPM)  relative  to  the  synthetic  runway. 

The  adjustable  SFPM  was  depressed  below  the  HUD  horizon  line  at  the 
appropriate  ILS  glide  path  angle,  and  was  aligned  with  the  touchdown 
point  when  the  aircraft  was  on  glide  path.  ■* 

A  HUD  angle  of  attuck  display  and  a  Potential  Flight  Path  Marker 
(PFPM)  provided  speed  guidance.  The  angular  displacement  between  the 
air  mass  flight  path  marker  and  the  longitudinal  reference  marker,  or 
waterline  marker,  was,  by  definition,  angle  of  attack.  Increasing  angle 
of  attack  was  shown  by  increasing  displacement  between  the  waterline 
marker  and  air  mass  flight  path  marker.  The  display  Included  an  index 
displaced  from  the  waterline  marker  an  angle  equal  to  the  desired 
approach  angle  of  attack,  and  an  index  displaced  to  show  maximum  allow¬ 
able  angle  of  attack.  When  the  uircraft  was  flown  at  the  dosirud 
approach  angle  of  attack,  the  air  mass  flight  path  marker  was  aligned 
with  the  apex  of  the  approach  angle  of  attack  index.  The  PFPM,  when 
referenced  to  the  air  mass  flight  path  marker,  showed  the  aircraft's 
acceleration  along  the  air  mass  flight  path.  When  the  PFPM  was  aligned 
with  the  air  mass  flight  path  marker,  the  aircraft  maintained  a  constant 
inertial  speed. 

For  this  test,  the  variable  "fly-by-wire"  system  was  programmed  to 
yield  "Good,"  "Fair,"  or  "Poor"  landing  approach  longitudinal  flying 
qualities, 

Ten  evaluation  flights  were  flown  in  September  1979. 

Task  performance  was  evaluated  using  ILS  and  angle  of  attack  error 
data.  Performance  results  could  not  be  consistently  related  to  changes 
in  HUD  format  or  flying  qualities  configuration.  Pilot  workload  was 
evaluated  using  numerical  control  stick  force,  pitch  angle,  and  bank 
angle  data;  pilot  ratings  and  comments;  and  WAD  data  (Figure  6). 

Although  pilot  ratings  and  numerical  data  were  inconclusive,  pilot 
comments  and  WAD  data  sh8wed  that  pilot  workload  was  lower  during  ILS 
approaches  flown  with  the  Klopfstein  l-llft)  format,  as  compared  to 
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Flgura  5  KLOPFSTEIN  HUD  FORMAT 


1.  HORIZON  LINE  WITH  2  OEG.  HEADING  MARKS  (OVERLAYS  REAL  HORIZONI. 

2.  WATERLINE  SYMBOL. 

3  TRACK  MARKER 

4,  AIR  MASS  FLIGHT  PATH  MARKER 

6,  SELECTED  FLIGHT  PATH  MARKER  (DEPRESSED  BELOW  HORIZON  LINE  AT  GLIDE 
PATH  ANGLE), 

6.  POTENTIAL  FLIGHT  PATH  MARKER  (AIRSPEED  INCREASING.  AIRSPEED  INCREASE 
WILL  STOP  IF  THRUST  IS  REDUCED  TO  LOWER  POTENTIAL  FLIGHT  PATH  MARKER 
TO  ALIGN  WITH  FLIGHT  PATH  MARKER,  OR  IF  FLIGHT  PATH  MARKER  IS  RAISED 
TO  ALIGN  WITH  POTENTIAL  FLIGHT  PATH  MARKER), 

7.  ANGLE  OP  ATTACK  TRIANGLE.  (ANGLE  OF  ATTACK  LESS  THAN  COMMAND. 
COMMAND  ANGLE  OF  ATTACK  IS  ACHIEVED  WHEN  APEX  OF  TRIANGLE  IS  TOUCHING 
THE  FLIGHT  PATH  MARKER). 

8.  LIMIT  ANGLE  OF  ATTACK.  (LIMIT  ANGLE  OF  ATTACK  IS  ACHIEVED  WHEN  LIMIT 
SYMBOL  IS  ALIGNED  WITH  FLIGHT  PATH  MARKER). 

8.  SELECTED  FLIGHT  PATH  ANGLE  (ANGLE  BF, TWEEN  HORIZON  LINE  AND  SELECTED 
FLIGHT  PATH  MARKER  ■  GLIDE  PATH  ANGLE). 

10.  SYNTHETIC  RUNWAY  (THRESHOLD  AT  GLIDE  PATH  INTERCEPT  POSITION). 

11.  EXTENDED  RUNWAY  CENTERLINE. 
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approaches  flown  with  the  conventional  format.  Pilot  workload  during 
visual  flare  and  landing  was  not  related  to  HUD  format,  but  was  related 
to  flying  qualities  configuration.  As  expected,  pilot  workload  was 
higher  for  the  poor  flying  qualities  aircraft  during  flare  and  landing. 

Flight  test  results  indicated  that  the  Klopfstein  HUD  format  was 
better  than  the  conventional  format  for  1LS  approaches  because  of 
reduced  pilot  workload.  WAD  pilot  workload  results  correlated  with 
pilot  comments.  This  correlation  may  be  of  importance  to  future 
flight  test  programs. 


Figure  8  WAD  RESULTS  FOR  ONE  EVALUATION  PILOT 


Visual  Carrier  Approach  HUD  Format  Test 

The  Visual  Carrier  Approach  HUD  Format  Test  was  also  sponsored  by 
NATC.  The  objective  was  to  determine,  within  test  constraints,  if  the 
Klopfstein  HUD  format  improves  task  performance  and  reduces  pilot  work¬ 
load  during  visual  carrier  approaches,  compared  to  a  conventional  HUD 
format.  Three  NATC  test  pilots  served  as  evaluation  pilots. 

The  primary  task  was  a  land  based  simulated  carrier  approach  to 
minimum  altitude  waveoff,  using  an  optical  landing  system.  The  second¬ 
ary  task  was  the  WAD  task.  The  two  HUD  formats  were  the  previously 
described  Klopfstein  and  conventional  formats,  modified  for  visual 
Approaches,  The  ILS  error  pointers  were  romoved  from  the  conventional 
format,  and  the  synthetic  runway  was  removed  from  the  Klopfstein  format. 
Seven  test  flights  were  flown  in  April  1980. 
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Glide  path  and  line  up  errors,  determined  from  laser  tracker  data, 
and  angle  of  attack  errors  were  used  to  measure  task  performance. 

Pilot  workload  was  evaluated  using  pilot  ratings  and  comments  and  WAD 
data. 

Results  showed  no  real  performance  or  workload  advantages  of  one 
format  with  respect  to  the  other.  However,  pilot  comments  indicated 
that  the  potential  flight  path  marker  was  very  helpful  for  angle  of 
attack  control.  Also,  the  selected  flight  path  marker  may  be  a 
backup  glide  path  aid  in  the  event  of  optical  landing  system  failure. 

Evaluation  of  Pitch  Ladder  Scaling 

Recent  "lost  vin^ui"  accidents  involving  tactical  aircraft  which 
employ  a  HlID  as  the  nr  .mary  instrument  reference,  and  recent  ground 
simulator  HUD  research,  indicate  that  pilots  may  have  less  attitude 
awareness  when  using  a  HUD  as  s  primary  instrument  reference,  than 
when  jusing  a  conventional  attitude  indicator.  To  date,  HUDs  in  U.S. 
tactical  aircraft  have  generally  had  1:1  pitch  ladder  scaling,  and  a 
flight  path  marker  control  index.  This  format  maximizes  precise 
flight  path  control',  perhaps  st  the  expense  of  attitude  awareness. 

Some  non  U.S.  aircraft,  for  example,  the  British  Sea  Harrior,  have 
been  equipped  with  different  pitch  ladder  scaling  and  control  index 
formats,  in  an  attempt  to  improve  the  pilot's  attitude  awareness  during 
maneuvers  in  instrument  meteorological  conditions. 

#  These  considerations  resulted  in  the  third  HUD  flight  test:  an 
evaluation  of  HUD  pitch  ladder  scaling,  conducted  as  part  of  the  USAF 
Test  Pilot  School  curriculum  for  Class  79B.  The  objective  was  to 
compare  pitch  ladder  scale  options  and  flight  index  options  during 
large  amplitude  maneuvering  and  during  instrument  approaches. 

The  conventional  HUD  format,  with  the  following  three  pitch  ladder 
scale  options  and  three  flight  index  options,  was  used: 

Pitch  Ladder  Scaling 


e  1:1 
e  oil 


e  1:1/2: 1 


e 

o 

0 


(NORMAL)  pitch  ladder  lines  correspond  to  the 
real  world  at  all  times. 

(COMPRESSED)  only  30°,  60°,  and  90°  pitch  ladder 
lines  are  shown  (Figure  7).  With  respect  to  the 
horizon  line,  the  30°,  60  ,  and  90 '  pitch  lines 
aie  located  in  the  same  position  on  the  6:1  pitch 
ladder  scale  as  the  5°,  10°,  and  15°  lines  on  the 
1:1  scale.  Pitch  ladder  scale  does  not  correspond 
to  the  real  world. 

(DUAL  SCALES)  pitch  ladder  scaling  is  1:1  when 
pitch  attitude  is  less  than  *20°,  and  compressed 
2:1  when  pitch  attitude  exceeds  1 20° 

Index  Formats 

Flight  Path  Marker  (Velocity  Vector) 

Pitch  Marker  (Fixed  Reference  Mark) 

Combined  Pitch  and  Plight  Path  Markers 
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1:1 


0;  1 


DETAILS  OMITTED  FOR  CLARITY 


Floor#  7  HUD  PITCH  LADDER  SCALING 


A  sequence  of  maneuvers  in  simulated  Instrument  Meteorological  Condi¬ 
tions  (IMC)  and  Visual  Meteorological  Conditions  (VMC)  was  performed 
with  pitch  ladder  scale/ flight  index  combinations.  IMC  flight  was 
simulated  with  the  hluo/umbor  vision  restriction  system.  IMC  maneuvers 
included  aerobatics  and  unusual  attitude  recoveries.  VMC  maneuvers 
included  acrobatics  and  simulated  weapons  deliveries  requiring  precise 
flight  path  control.  Sixteen  evaluation  flights  were  performed  in 
Juno  1 980, 

Pilots  completed  opinion  questionnaires  following  each  evaluation 
flight.  All  ugreed  that  the  6:1  pitch  ludder  scule  resulted  in 
improved  attitude  awareness  compared  to  the  1:1  scale*  although  pre¬ 
cision  flight  path  control  was  somowhat  moro  difficult.  Tho  majority 
of  participating  pilots  preferred  6:1  pitch  ladder  scaling  over  1:1 
scaling,  and  the  pitch  marker  over  the  flight  path  marker,  for  the 
large  amplitude  IMC  and  VMC  maneuvers  performed  during  evaluation 
flights,  All  pilots  preferred  1:1  pitch  ladder  scaling  and  most  pre 
f erred  the  flight  path  marker  for  IMC  instrument  approaches.  Thus, 
optimum  pitch  ladder  scaling  and  optimum  flight  index  appear  to  depend 
on  the  task  and  on  tho  environment. 

The  results  of  this  limited  evaluation  suggest  that  U.S.  tactical 
aircraft  may  not  bo  equipped  with  optimum  HUD  formats  for  IMC  uttitude 
awareness.  Existing  formats  emphasize  precision  flight  path  control 
oven  when  the  aircraft  are  equipped  with  automatic  weapons  aiming 
systems. 


* 
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Lateral  Plying  Qualities  Evaluation  Task 

HUD  based  tasks  were  used  to  evaluate  lateral  flying  qualities 
.  recently  completed  USN/USAP  NT-33  research  program.  The 
during  a  re  y  P  program  was  to  investigate  the  lateral- 

m«klM  b.n2  tracking  “*k*  th"*£or'! 

«  ,™CSlSS,iwii,HS.a3Si‘«.lMti«i  t..k.  are  useful  because 

„„  ,So  “a^Mfi'u  rljui^;  furth.r,  HUD  based  ta.k.  .»  r.P..t- 
able  and  tracking  errors  can  be  easily  recorded  for  post  flight 

““SILm  heading  or  bank  angle,  a.  a  function  of  ti»».  was  pr.gr. n»d 

in  the  DEPT  !•»•»*£?•"  o5«™.d  '  P.r”«dlng‘ tracking, 

1^.55:", ‘UroJ  cro^  Pigcr*  i)  J,  displaced  al.ng  the  HUD  hori.on 
a  neaaing  error  v  v  °  th  -..-is,-.  distance  proportional  to  head- 

ini’.rror  (the  difference  Setwaen  command  heading  and  octual  heading.) 
{?;  5K  turned  towards  th.  heeding  cros.  to 
Ror  hank  anal.  tracking,  a  command  bank  angle  line  (Figur  j 
SutSctS  th.  SStwof  the  HUD  horizon  line,  was  rotated  Vith 


1,0  COMMAND  ANGLE  -  60°.  BANK  ANGLE  TRACKING.  LANDING  GEAR  UP 

30°.  BANK  ANGLE  TRACKING.  LANDING  GEAR  DOWN 
30°,  HEADING  TRACKING,  LANDING  GEAR  UP 
1B°,  HEADING  TRACKING,  LANDING  GEAR  DOWN 


Figure  8-  COMMAND  ANGLE  VS.  TIME 
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respect  to  the  horizon  line  to  show  command  bunk  angle.  The  pilot 
banked  the  aircraft  until  the  "wings"  of  the  flight  path  marker  symbol 
were  parallel  to  the  command  bank  angle  line,  thereby  matching  actual 
bank  angle  to  command  bank  angle.  The  magnitude  of  command  angle 
changes,  and  the  interval  between  changes,  wore  chosen  to  require  the 
evaluation  pilot  to  fly  the  HUD  tasks  as  precisely  and  agressively  as 
the  primary  fighter  maneuvering  evaluation  tasks. 

Initial  results  indicate  that  the  HUD  bank  angle  tracking  evalua¬ 
tion  task  yields  pilot  ratings  and  comments,  for  a  given  lateral- 
directional  flying  qualities  configuration,  similar  to  those  for  air- 
to-air  gun  tracking  und  probt  and  drouge  air  refueling. 

Of  course  flying  qualities  research  must  be  primarily  based  on 
actual  mission  representative  evaluation  tasks}  however,  HUD  based 
tasks  may  be  useful  as  secondary  tasks.  Also  HUD  tasks  may  assist 
comparison  of  ground  simulation  results  with  in-flight  flying  qualities 
evaluation  results. 


FUTURE  HUD  TESTS 

Possible  future  DEFT  programs  include; 

•  Missile  launch  envelope  display.  This  display  would 
provide  the  pilot  with  information  on  the  probable  success 
of  an  air-tc-air  missile  launch  against  a  target  with 
constant  maneuver  parameters,  and  with  worst  case 
maneuver  parameters. 

•  USN  and  USAP  Test  Pilot  School  DEFT  programs. 

•  Evaluation  of  proposed  changes  to  operational  HUDs. 

e  Improved  HUD  target.  This  HUD  target  would  have  three 
dlinonslonnl  perspective,  and  would  bo  programmed  to 
maneuver  in  an  earth  baaed  reference  system. 

•  Improved  WAD.  The  WAD  is  being  modified  to  include  a 
"Computalk"  aural  letter  presentation  over  the  aircraft 
interphone  system  simultaneously  with  the  existing  HUD 
visual  letter  presentation.  Also,  the  interval  between 
WAD  letters  will  be  automatically  adapted  to  the  pilot's 
WAD  reaction  time  and  error  rate.  When  the  pilot  is 
responding  correctly  and  quickly  to  the  WAD,  the 
interval  between  letters  will  be  reduced. 

CONCLUSION 

Head-Up-Display  flight  testing  involves  not  only  the  display  itself, 
but  also  the  total  environment,  including  aircraft  flying  qualities. 
Results  must  address  pilot  workload  as  well  as  task  performance. 

The  integration  of  the  Display  Evaluation  Plight  Test  system  and 
the  Workload  Assessment  Device  with  the  NT-53  in-flight  simulation 
aircraft  has  resulted  in  an  advanced  systems  research  aircraft  for  USAF 
and  l£SN  fjlight  research.  During  tho  past  year,  this  aircraft  has  proved 
to  be  a  powerful  tool  for  investigating  the  relationships  between  dis¬ 
plays,  flying  qualities,  and  pilot  performance* and  workload. 


Valuation  of  a  pilot  workload  assessment  device 

TO  TEST  ALTERNATE  DISPLAY  FORMATS  AND 
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SUMMARY 

rim  in-flight  research  project  evaluated  the  utility  at  a  workload 
iieenaent  pevloo  'VAC,  to  meaaure  pilot  workload  For  approach  and  landing 
taske  under  timltttd  instrument  meteora iopicsl  conditions,  slternsce  HUD 
Formats  and  control  stability  variations,  Tht  flight  tssts  vers  conducted 
in  an  KT-JJA  research  aircraFt,  ertenaiveiy  mdlFitd  For  the  u.  s,  Air  rorce 
and  V,  E,  Navy  hy  the  Display  Evaluation  flight  fast  proyram,  fht  hsrdwars, 
soFtvsre,  and  test  proetdurss  associatsd  with  the  HAS  Functioned  efficiently 
with  only  minor  dlaerepencies  and  minimum  pilot  distraction,  Tht  project 
established  the  feseihility  of  veiny  an  item- recognition  talk  ae  e  meaaure 
of  eenaery-reaponee  loadlny  and  reierve  information  proceseiny  capacity 
while  flying  prtcliien  appraachea,  In  a  deecriptive  etatiscical  treatment 
of  the  data,  the  reeulta  indicate  an  appreciable  increaee  in  reaction  time 
and  errore  with  deyraded  handliny  yuaiitlea  ae  compared  to  yround  baeeline 
meaeures  and  goad  handling  yuan  ties  The  preliminary  finding a  also  revstl 
consistsnt  trsnds  toward  tht  availability  oF  more  mental  rsservs  capacity 
when  flyiny  predominantly  pictorial/symbolie  HUD  eonf lyurations  as  compared 
to  oonventionei  HUD  formate  with  scaiae  and  alphanumeric# ,  It  le 
recommended  that  Further  evaluations  be  conducted  to  establish  the  eFFicscy 
of  ut lining  the  MO  to  measure  mental  workload  in  a  wide  variety  of 
aircrew  tasks. 


INTRODUCTION 


BACKGROUND 

New  developments  In  cockpit  display  designs  and  int*grat*d  wsapons  system  avionics 
have  significantly  altsred  the  role  of  the  pilot  from  that  of  a  skilled,  msnusl  control 
operator  to  an  executive  manager  of  an  integrated  weapons  system.  Emphasis  on  psycho¬ 
motor  aontrol  has  bean  augmented  by  an  interact  In  more  cognitive  ekllli  represented  by 
such  functions  as  short-term  memory,  information  processing,  and  decision  making.  Tow 
measurement  techniques  exist  which  are  able  to  provide  an  objective,  reliable,  and  valid 
estimate  of  the  subtle  differences  in  workload  Introducsd  by  thsse  nsw  systsms.  To  data, 
methodology  for  objectively  quantifying  workload  has  not  been  selectively  applied  to  the 
flight  test  and  svsluation  of  aircrew  systsms  (references  1  and  2) , 

This  project  Introduced  s  novel  approach  to  the  traditional  manner  of  measuring  pilot 
workload.  Aircrew  workloads  srs  typically  measured  by  subjective  assessment  rating  scalss 
which  art  bastd  on  pilot  opinions  that  rtiate  operational  task  demands  to  system  response 
characteristics,  t.g.,  Cooper-Hsrpsr  Handling  Qualities  Rating  Seals.  The  new  approach 
applied  In  this  project  Is  an  Item-rscognitiou  task  first  Identified  by  Sttrnbsbg 
(reference  11  and  modified  by  the  U.  S.  Air  Force  (reference  41  to  measure  the  reserve 
capacity  of  the  pilot.  The  approach  assumes  that  an  upper  bound  exists  on  the  ability  of 
the  pilot  to  gather  and  process  Information.  As  th*  pilot's  workload  Increases  on  the 
primary  task,  i.s.,  flying  the  aircraft,  rsservs  capacity  for  processing  secondary 
Information  decreases  until  a  point  of  overload  is  reached  by  the  pilot.  At  thie  point, 
the  information  prooeseing  demands  of  the  task  exceed  the  pilot's  total  workload  capacity 
and  is  manifested  by  degradation  in  performance  U.e.,  increase  in  errors  and  response 
times)  on  the  secondary  item-recognition  taek. 

The  theoretical  formulation  cf  the  item-recognition  task,  as  proposed  by  Sternberg 
(figure  1),  hat  severe!  attractive  feature*  which  make  it  ideally  suitsd  for  evaluating 
the  source  of  Increase  in  tssk- loading  In  aircraft  test  environments.  The  theory  assumes 
•  lesst-equares,  lintar  regression  fit  of  the  data  where  the  intercept  represents  the 
input/output  component  and  the  slope  depicts  the  mental  information  processing  component 
of  the  item-recognition  tssk.  If,  for  example,  the  eensory-reapome  mode  U.e.,  input/ 
output),  la  response  overloaded  the  theoretical  expectation  is  a  change  in  th*  y- intercept 
of  the  regression  line  with  no  change  in  slops,  conversely,  if  the  source  of  task-loading 
was  one  which  affected  the  pilot's  mental  information  processing  capabilities  (e.g.,  short¬ 
term  memory  overload) ,  the  expectation  it  a  change  In  the  slope  of  the  curve  without  a 
ooi  i.espondlng  changa  in  th*  lnt*rc*pt  valu*.  Eith*r  r*sult  would  be  a  d*cr#a»e  in  th#  . 

pilot'*  reierve  capacity  for  processing  Information.  *17 


The  use  of  the  item-recognition  task  to  aaaaai  primary  taak  work  Load  la  not  a  naw 
concept  in  aircrew  flight  aimulatlon  atudlaa  (rafarancaa  5  and  6) ,  However,  tha 
uniqueness  of  Ita  application  in  thia  project  la  that  a  Workload  Aiaeaamant  Device  (WADI 
that  generate*  and  controla  tha  aacondary  Item-recognition  taak  was  daaignad,  fabricated, 
and  inatallad  in  a  NT-3  3A  raaaarch  aircraft  to  measure  and  analyze  tha  pilot'd  raaarva 
vc  i  k  load  capacity  for  tha  Duplay  Evaluation  Flight  Taat  (DEFT)  program  aa  reported  In 
;*  fare  nee  ^ . 

PURPOSE 


Th*  purpoaa  of  thia  project  was  to  evaluate  tha  utility  of  the  WAD  to  maaaura  pilot 
workload  tor  approach  and  landing  tatka  under  ilmulated  fnatrumant  Meteorological 
Conditione  tlMC'ai  for  alternate  HUD  format*  and  aircraft  control  itability  variation*. 

OE8CRtMlON  Of  AIRC RAFT /EQUIPMENT 

The  NT- 3 3 A  variabl#  itability  aircraft  la  an  extanalvely-modifiad ,  T-33  jet  trainer. 
Tha  elevator,  ailaron.  and  rudder  controla  in  the  front  cockpit  ware  diaconnactad  from 
thalr  respective  control  aurfacaa  and  connected  to  aaparata  servo-mechanism*  that 
comprise  an  "artificial  faal"  system.  In  addition,  the  elevator,  ailaron,  and  rudder 
control  surface!  war*  connected  to  individual  tervoa  which  war*  driven  by  a  number  of 
different  electrical  inputs.  Thia  arrangement,  through  a  r*«pon»a-f eedback  syatam, 
allowed  tha  normal  T-33  itability  derivatives  to  ba  augmented  to  the  extant  that  tha 
handling  qualities  of  the  hypothetical  raaaarch  configuration*  could  b*  simulated,  a 
more  comprehensive  description  of  the  NT-33A  can  be  found  in  reference  8. 

The  DEFT  program  also  provided  a  fully  software-programmable  display  system  to 
complement  the  variable  stability  faatura*  of  tha  hoit-modifiad  NT-33  Aircraft.  Relative 
to  tha  aircraft  configuration,  the  DEFT  system  provided  tha  capability  cf  changing 
display  formaei  and  changing  the  algorithms  and  dynamic*  of  the  display  driving  signals. 
The  display  syatam  consisted  of  a  HUD,  two  digital  computer*,  a  magnetic  tape  syatam,  INS 
sensors  to  augment  tha  axlating  aircraft  sensors,  and  a  display  repeater  and  mods  control 
unit  for  the  aft  cockpit. 

Tha  aoftwart  programs  provided  an  in-flight  choice  of  two  uniquely  different  display 
configuration*  for  use  in  th*  approach  and  landing  phase*  of  flight.  These  displays  were 
of  a  conventional  HUD  format  (figura  3)  and  th*  predominantly  symbolic  Klopfataln  format 
(figure  3).  As  depleted  in  th*  figures,  th*  conventional  display  used  a  HUD  format  with 
a  flight  path  ladder,  scales,  and  alphanumeric  readouts  of  various  flight  parameters. 

Tha  Klopfstain  display,  however,  ia  predominantly  lymboUc/pictorial  depicting  tha 
noiizon,  and  artifical  runway  overlaying  th*  actual  runway,  and  other  flight  guidance 
symbols , 

METHOD 

After  several  practice  session*  and  prior  to  the  start  of  the  evaluation  flights,  a 
baaellne  measurement  wa*  obtained  on  the  item-recognition  taak.  Each  pilot  was  given  th* 
uam-racognition  taak  for  each  memory  aet  size  while  sitting  in  th*  cockpit  of  th* 
aircraft  atationed  on  the  ground.  Tha  taak  required  th*  pilot  to  memorize  este  of  one, 
tve,  or  four  letter*,  l.e.,  A,  RJ,  ZPNW,  Th*  pilot  was  then  instructed,  prior  to  tasting 
with  each  memory  eet,  which  tat  of  letter*  would  be  preaanted  for  memory  recall.  Tha 
prememorized  latter*  (positive)  or  other  latter*  (negative)  were  presented  on  th*  HUD 
one  at  a  time  every  ?  eeo.  Th*  positive  and  negative  letter*  were  presented  individually 
with  a  75-prob*bi llty  of  occurrence,  Each  latter  appeared  on  tha  HUD  one  at  a  time  until 
th*  pilot  responded  or  5  ate*,  alapaed.  Tha  pilot  responded  to  a  latter  presentation  by 
pressing  one  of  two  designated  button*  on  th*  control  stick.  One  button  indicated  that 
the  latter  was  a  member  of  the  prememorized  set  (positive)  and  the  other  indicating  it 
was  not  a  member  of  th*  prememorized  let  (negative) .  Positive  letters  never  appeared  as 
negative  letters  and  the  same  positive  letter  sat*  war*  used  throughout  the  tatt.  A 
total  of  30  letters,  IS  positive  and  IS  negative,  was  presented  for  eech  memory  aet  for 
th#  baaelin*  condition#. 

Th*  lam*  procedures  war*  used  in  flight  as  during  tha  baseline  test  conditions  with 
the  exception  thet  ths  pilot  was  flying  th*  aircraft  while  performing  th*  secondary  taak. 
An  additional  experimental  control  allowed  one  approach  par  handling  quality/display 
format  combination  to  be  flown  without  any  letter  presentation*  to  evaluate  th*  impact  of 
the  secondary  taak  on  tha  primary  tatk  of  flying  the  aircraft 

Th*  reaction  times  and  response  errors  were  collected  and  analyzed  by  th*  WAD 
controller  and  ground-baeed  analysi*  syatam.  After  each  reeponse ,  the  reaction  time  was 
meaaured  from  the  onset  of  a  letter  to  th*  physical  response  of  pressing  th*  correct 
button.  The  reaction  t.imee  for  both  th*  positive  and  negative  letters  were  stored  on 
cassette  tapes.  Th*  reaction  time*  for  th*  correct  response*  were  then  averaged  and 
plotted  as  a  function  of  the  memory  eet  sizes.  Th*  reiponee  errors  were  coded,  tabulated, 
and  categorized  by  type  of  error  and  frequency  of  occurrence.  A  response  wa*  considered 
an  error  if  the  pilot  pressed  th*  wrong  key  (reversal  srror) ,  responded  correctly  but 
after  1,500  meee  (out-of-bound  error),  or  did  rot  respond  before  5  sec  (time-out  errori. 

The  beelc  flight  scenario  for  each  approach  and  touch-and-go  was  as  follows.  The 
Evaluation  Pilot  (EP)  we*  given  control  of  th*  aircraft  by  the  Safety  Pilot  (SP)  with  the 
deaired  dieplay-aircref t  handling  quality  combination,  The  EP  then  flew  on  instruments 
wnil*  using  an  orange  filter  ovor  th*  windscreen  and  a  blue  visor  attached  to  th#  helmet 
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to  aimulata  IMC.1  Mcic  intercepting  tha  glide  elope,  th*  CP  descended  to  1,800  mater 
M3L  to  intercept  tha  localizer  at  8  ruai.  At  this  point,  tha  3P  turned  on  tha  digital 
racordac  and  tha  WAD  controller  which  wara  uaad  to  raeord  tha  primary  (light  maaauraa 
and  tha  aacondary  task  maaauraa,  raapaetivaly .  Tha  EP  procaadad  to  fly  tha  gilds  alopa 
and  tha  localizer  to  perform  tha  approach,  Tha  outar  marker  wat  at  approximately  4 
rutiles.  At  200  meter  AGL  and  approximately  1/2  nmi  from  tha  runway  thraahold,  tha  EP 
“broke  out"  (I.a.,  ha  lifted  tha  blua  viaon  and  (law  visually  (or  tha  remainder  of  the 
low  approach  (7  matar*  ACL)  .  If  condition*  permitted  (fuel  state,  crosewlnd,  ate.),  tha 
EP  than  performed  tha  touch-and-go  landing,  minimizing  tha  sink  rata  on  touchdown  to  laa* 
than  1  matar/aao,  Tha  touchdown  point  wa*  a  170-meter  zona,  JQO  meter*  from  runway 
thraahold.  After  liftoff  and  at  approximately  70-matar  AGL,  the  SP  turned  off  the  wad 
controllar  and  the  digital  racordar ,  Aftar  (our  approach**,  tha  SP  aeeumad  control  of 
the  aircraft,  then  changed  the  pitch  handling  quality  to  tha  next  desired  setting  and 
again  released  control  of  ch*  aircraft  to  tha  EP. 

Aftar  each  block  of  four  approach**  wa*  complatad  under  the  aame  pitch  handling 
quality,  the  EP  and  SP  rated  tha  approach  and  flara/landing  aagmanta  of  tha  flight 
profile  using  the  Cooper-Harper  pilot  rating  teala.  Additional  commentary  data  were 
gathered  from  the  EP  and  SP  throughout  tha  flight  testa  by  uae  of  an  audio  tape  recorder, 
e.q.,  comments  on  degraa  of  air  turbulence. 

The  WAD  consist!  of  two  basic  unitat  tha  airborna  controller  and  the  ground-baaad 
analysis  canter,  The  controller  is  configured  (or  installation  in  the  front  evionica  bay 
of  tha  NT-11A  research  aircraft.  Tha  unit  provldt*  tha  electronics,  powar  supply, 
software,  interfaces  to  the  HUD  end  the  aircraft  intercom,  rear  cockpit  initialization 
awitohas,  control  stick  reaponaa  switohaa,  and  data  raoording  aystam  naeaiaary  to  parform 
a  complata  sariea  of  itam-racognition  axparimants,  In  addition,  tha  controllar  can 
operate  aa  a  stand  alona  laboratory  syatam  capable  of  performing  tha  aame  teaks  as  whan 
airborne.  The  ground-based  data  analysis  center  ia  uaad  to  initialize  several  software 
option*  of  the  controller  and  to  reduce  and  analyze  response  time  data.  A  description  of 
tha  functional  capabilities  of  the  hardware  and  software  ia  discussed  in  appendix  A.  A 
detailed  description  of  tha  complata  WAD  system  is  contained  in  reference  9, 

SCOPE 

Each  pilot  flew  two  evaluation  flights  using  the  conventional  HUD  format  and  two  with 
the  Klopfstain  format.  During  each  avaluatlon  flight,  a  pilot  performed  eight  approaches 
terminating  in  althar  a  low  approach  or  touch-and-go  landing  for  a  total  of  32  approach** 
par  pilot.  Ona-half  of  tha  approaches  for  each  flight  wara  made  using  "good"  handling 
qualitias,  the  other  half  wara  mad*  using  either  "fair"  or  "poor"  handling  qualitiaa. 

The  handling  qualitiaa  wara  manipulated  by  changing  tha  pitch  response  (130  msac  or  200 
msec  time  delay)  of  tha  aircraft  aftar  svery  (opr  approaches.  Tha  response  of  tha  roll 
and  yaw  axa*  was  held  constant  throughout  the  tssts. 


RESULTS  AND  DISCUSSION 

GENERAL 

Ths  t**t  and  evaluation  paradigm  used  in  this  project  was  a  repeated  measure*  deaign 
in  which  type  of  diapLay  format  (conventional  versus  Klopfstain) ,  flight  handling  quality 
(good  versus  poor),  and  secondary  task  difficulty  (memory  set  sizes,  0,  1,  2,  and  4)  ware 
fractionally  combined  to  form  16  different  conditions.  It  was  planned  that  the  two  EP ' » 
would  be  expoiad  to  each  of  th*  16  conditions  twice,  However,  each  EP  was  able  to 
complete  all  combination*  of  th*  teat  conditions  only  once.  Out  of  a  total  of  eight 
1.5-hr  evaluation  flights,  a  complete  sat  of  aacondary  task  data  was  analyzed  for  (our 
flights  only. 

Th*  rssults  showed  that  th*  general  procedures  established  for  th*  conduct  of  the 
evaluation  flight  tasts  of  th*  WAD  wars  acceptable  to  th*  pilots.  Tha  in-flight  teat 
procedural  provided  th*  EP's  and  SVs  with  reliable  guidelines  for  efficient  and  saf* 
craw  coordination  during  successful  approaches  and  during  incidents  of  all  equipment 
malfunctions.  Pilot  comments  aided  in  tha  invsttigstion  of  tha  most  salient 
characteristics  of  th*  item-recognition  task  including  th*  selection,  location,  and 
timing  of  the  letters  aa  presented  on  th*  HUD.  A  thorough  testing  of  the  WAD  procedures 
during  the  project  resulted  in  only  minor  software  change*  and  hardware  replacements  and 
clearly  established  the  feasibility  of  using  th*  Itam-racognition  task  for  in-flight  tests. 

PRIMARY  FLIGHT  MEASURES 

The  primary  flight  measurement  data  taken  from  the  digital  recorder  were  divided  into 
two  defined  categories  of  approach  and  flare/landing.  Because  of  the  length  and  com¬ 
plexity  of  th*  analyses  of  the  primary  flight  measurement  data,  tha  results  were 
published  under  saperate  cover  Ln  reference  10. 

Th*  summary  reaults  of  these  analyse*  Indicate  that  the  primary  flight  performance 
parameter*  and  Cooper-Harper  rating*  showed  a  general  inconsistency  between  displays  j 

and  handling  qualities  during  tha  approach  and  flare/landing  phase*  of  the  flight  task.  j 

Overlaying  th#  two  comp  lamenting  colors  produced  n  perceptual  environment  similar  j 

to  night  IMC  when  the  pilot  attempted  to  view  the  external  world.  j 
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Lack  of  ayatamatic  differences  in  eh*  primary  flight;  m**iur*t  and  Cooper-Harpar  rating* 
luggaati  that  pilot  performance  remained  th*  a*m*  for  *11  condition!.  That  it.  no  sig- 
ni f leant  diffarancaa  war*  found  in  th*  primary  flight  m**(ur*i  b*tw**n  diaplay  format*! 
handling  qualitl*!,  or  memory  i*t  iiz*i.  Thai*  finding*  indicate  that  the  pilot!  com- 
pematad  for  th*  incra***d  talk  difficulty  by  maintaining  primary  flight  performance  at 
an  accaptabla  level.  However,  thie  pilot  companeation  wae  not  without  coat.  A  loea  of 
information  procaaaing  raaarva  capacity  can  b*  clearly  inown  from  th*  raaulta  of  th* 
•acondary  talk  maasuraa. 

SECONDARY  TASK  MEASURES 


Secondary  task  maaauraa  conaiatad  of  raaction  time*  in  which  alopai  and  lntarcapta 
ware  calculated  after  aolving  linear  ragreeelon  equation*  for  «ach  eat  of  data. 

Secondary  taak  arrora  for  the  item  recognition  teak  were  calculated  for  all  incorrect 

raeponaae,  lata  raeponiaa,  and  no  raiponiaa. 

REPRESSION  EQUATIONS  1  REACTION  TIMES) 

Th*  reaction  time*  aaeociatad  with  each  corract  raeponi*  war*  averaged  for  th* 
complete  flight  profil*  for  each  m-aat  ilia  (latter*  1,  2,  or  4),  handling  quality  (good 
or  poorl ,  and  diaplay  format  (conventional  or  Klopfatain).  Linear  regraaaion  equation* 
war*  than  calculated  to  indicate  th*  alop*  and  intercept  of  th*  plotted  data  aa  ahown  in 
figure*  4  and  S.  Th*  data  r*v*al  that  both  th*  intercept  and  alop*  of  th*  eurv**  for 
•ach  pilot  inor*a*«d  from  baaalin*  aondltiohi  when  th*  handling  qualities  war*  degraded. 
Th*  result*  indicat*  that  th*  WAD  li  aanaitiv*  to  tha  incraaead  sanaory/raapona*  and 
mental  proaaaalng  r*quir*m*nt*  lmpoaad  by  th*  addition  of  a eacondary  talk  and  to  th*  laval 
of  difficulty  of  that  taak.  ror  axampla,  th*  largest  intercept  and  alop*  changes 
occurred  between  each  aubjact'a  relative  baaelin*  and  poor  handling  quality  condition. 

A  cloaac  examination  of  th*  data  ravaala  that  th*  diffarancaa  in  tha  magnituda  of 
change  in  th*  alopai  war*  conaiatantly  larger  for  th*  conventional  HUD  format  than  th* 
pictorial  Klopfatain  HUD  format  under  either  good  or  poor  handling  qualitl**.  Thl*  trend, 
relative  to  each  subject's  ihift  in  slop*  magnitude,  auggeata  that  more  mental  reaarv* 
capacity  wai  available  to  proceaa  information  while  flying  th*  Klopfatain  diaplay  than 
th*  conventional  HUD  format  and  while  good  handling  qualitiea  Independent  of  th*  type  of 
diaplay  format  uaad. 

Reviewing  tha  resulting  change*  in  intercept*  rivalled  a  aimilar  trend  with  regard  to 
th*  handling  quality  parameter .  Th*  average  incraaa*  in  th*  magnitude  of  change  in  inter¬ 
cept  wai  let*  for  canditicna  of  good  handling  qualitiea  than  for  poor  handling  qualities. 
However,  with  regard  to  th*  diaplay  variable,  th*  trend  was  reverted  from  that  obaervad 
for  th*  changal  In  alopai  l.e.,  th*  average  intercept  value  changed  less  for  the  con¬ 
ventional  format  than  for  th*  Klopfatain.  Aaquming  the  obaervad  trends  would  paraiat  in 
a  larqar  data  aampla,  the  raaulta  indicated  that  degrading  tha  handling  qualitiai  had  a 
conalitant  affect  on  th*  Input/output  ttagei  of  th*  item-recognition  taak,  whereat  tha 
effect  of  tha  diaplay  format  variable  on  tha  Input/output  atagaa  of  th*  taak  wae  aubjact 
to  inconaiitanh  individual  diffarancaa.  Th*  lack  of  conalitant  trend*  in  tha  changaa  in 
intercept  relative  to  the  diaplay  variabla  may  b*  due  toi  (1)  individual  diffarancaa  in 
aatabliahing  a  ti,«-arror  tradeoff, 2  <21  location*  of  th*  latter  in  relationship  to 
diffarancaa  in  aye  acan  pattern*,  and/or  (3)  different  atratagiaa  of  memory  recall. 

Thai*  raaulta  suggest  that  degrading  handling  qualitiea  had  a  conalitant  and 
predominant  effect  of  reducing  tha  pilot's  raaarva  capacity  for  all  thru  itegae  of  th* 
information-proceaaing ,  aecondary  talk.  Changing  tha  display  formats  appeared  to  yield 
similar  results  but  are  subject  to  the  influences  of  individual  differences  with  ragard 
to  the  mental  component  of  tho  information  processing  talk. 

Th*  reader  la  reminded  that  the**  data  reveal  only  trend*  and  war*  gathered  from  a 
•ample  of  two  pilot*.  Additional  flight  data  are  required  with  a  larger  pilot  aampla 
and  more  replications  of  taat  conditions  bafora  definitive  conclusion*  can  ba  mad*  con¬ 
cerning  the  reliability  of  tha  result!  of  thaa*  maaauraa.  A  further  discuaaion  of  tha 
reliability  of  th*  itam-iacognition  taak  that  question*  tha  day-by-day  stability  of  tha 
slope  and  intercept  la  found  In  rafaranc*  11. 

PERCENT  ERRORS 


Tha  WAD  provided  an  accumulative  record  of  tha  number  of  arrora,  aaquenca  of 
occurrence,  type  of  error,  and  raaction  time  associated  with  each  error  for  both  poaitiv* 
and  negative  letter*.  The  combined  percent  of  secondary  taak  errors  for  both  pilots  is 
ahown  in  figure  6.  The  error  data  ahaw  that  as  the  difficulty  of  the  aacondary  taak  wae 
incraaaed,  l.e.,  ae  tha  m-aet  sire  increased,  1  corresponding  decrease  in  response 
accuracy  was  observed  which  supports  the  expectation  of  incraaead  error  rate  under  con¬ 
ditions  of  task  overloading . 

Th*  increases  found  in  aacondary  task  raa;  mm  error*  under  condition!  of  poor  han¬ 
dling  qualities  for  both  display  fo.-mats  are  t  insistent  with  tha  raaulta  of  tha  slope  and 
Intercept  raaction  tima  data  with  ragard  to  thi  infLuanc*  of  degraded  handling  qualitiea. 


J  The  EP'i  ware  only  instructed  to  respond  as  quickly  and  accurately  as  posaibla  to 
tha  aacondary  task  whil*  flying  a  precision  approach  and  landing. 
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That  li,  under  tact  condition*  producing  a  reduction  In  raaarv*  oepacity,  a  corraaponding 
incraaia  in  ratpoma  error*  occurred. 

tn  contraat,  th*  reaction  time  data  indicated  that  the  type  of  diaplay  format  differ¬ 
entially  influenced  both  th*  input/output  and  mental  etagei  of  th*  information  proceieing 
tasks,  whereat  raaponit  error  data  showed  a  consistently  higher  degree  of  response 
accuracy  under  condition*  of  th*  pictorial  Klopfetein  display  format. 

To  furthar  explore  these  results,  the  total  percent  error*  were  classified  into  type 
of  error  for  each  handling  quality  and  diaplay  format,  The  secondary  task  arrort  reveal 
that  tha  total  parcant  arrora  wart  avanly  distributed  between  incorrect  reeponto* 
(revere*!*) ,  lata  reeponees  (out-of-bound*) ,  end  no  reeponsee  (time-outs).  Howsver  when 
th*  total  parcant  arrora  ara  dif ferentiated  between  display  type  and  handling  quality,  it 
clearly  ahowa  that  three  time*  aa  many  ra'»araal  error*  were  committed  by  th*  EP's  flying 
th*  conventional  HUD  than  tha  Klopfetein  diaplay  format.  Degrading  th*  handling  qualities 
increased  th*  percentage  of  time-out  errors  for  th*  EP'a  flying  with  th*  conventional 
display  and  increased  tha  out-of-bounds  under  tha  Klopf stein  display  format.  Since  it 
waa  assumed  that  a  tima-out  error  would  raflaot  a  greater  decrement  in  reserve  oapacity 
than  an  out-of-bcinds  error,  these  results  would  imply  that  tha  EP'a  had  lass  reserve 
capacity  while  flying  under  tha  convention*!  HUD  and  degraded  handling  qualities  than 
tha  Klopfetein  display  format. 

In  summary,  tha  percent  of  eecondary  talk  errors  increased  whenever  th*  memory  set 
sis*  increased,  th*  handling  qualities  wars  degraded,  and  th*  t*vk  was  performed  in 
flight  under  th*  conventional  display  format  conditions.  Poor  handling  qualities 
primarily  induced  errors  of  delay  or  no  response  while  th*  type  of  display  affected  mainly 
tha  accuracy  (corrtetnaaa)  of  raeponaa. 


CONCLUSIONS 

Tha  hardwara,  software,  and  teat  procaduras  associatad  with  tha  Workload  Assessment 
Device  (WAD)  functioned  efficiently  with  only  minor  discrepancies  and  minimum  pilot 
distraction. 

Th*  project  established  tha  feasibility  and  aeneitlvity  of  ualng  a  secondary  ltem- 
racognition  task  sa  a  measure  of  aeneory/reepons#  loading  and  reserva  information  pro¬ 
cessing  oapsuity  while  flying  precision  instrument  meteorological  condition*  approach**, 

The  pilots  showed  an  appreciable  inertia*  in  raaction  tima  and  percantag*  of  errors 
on  the  secondary  task  flown  under  poor  handling  qualities  aa  comparad  to  good  handling 
qualities  and  ground  baatlina  condition*. 

the  WAD  revealed  that  tha  pilot*  had  laas  stcondary  task  srrors,  mors  mantsl  rasarva 
capacity,  but  longer  reaction  tima*  tttributad  to  sanaory/raapons*  daisy*  whilt  flying 
with  pictorltl/symbolia  HUD  configurations  (Klopfstain)  than  convtntional  HUD  format*. 
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Figure  l  Theoretical  component a  of  the  Item 

Recognition  Taax  Proposed  by  Sternberg 
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WOlUaOAO  ASSESSMENT  DEVICE 
SYSTEM  DESCRIPTION 


TASK 


Th«  Workload  Aasaasmane  Davies  ( wad )  present*  to  the  subjeat  «n  itsm  recognition  task 
that  raquiraa  him/her  to  respond  to  sural  or  visual  stimuli  that  sra  composed  of  alpha¬ 
betic  characters  or  symbols.  After  a  stimulus  has  besn  presented,  the  subject  responds 
hy  pressing  one  of  two  switches  to  Indicate  the  stimulus  Is  (l)  part  of  a  pre-memor i lsd 
sat  of  letters,  or  (2)  is  not  part  of  the  set  (l).  The  data  collected  era  the  reaction 
times,  in  milliseconds,  from  the  onset  of  a  stimulus  presentation  to  the  physical 
response  of  pressing  a  button, 

when  a  trisl  is  completed,  the  subject  is  given  another  set  of  letters  to  memorise 
and  the  sequence  is  then  repeated.  Usually  four  trials  era  included  in  a  given  session 
with  the  memory  site  ranging  from  one  to  four  letters.  Data  analyst!  consists  of  deter¬ 
mining  mean  reaction  time  to  a  number  of  presentations,  and  the  standard  deviation  of  the 
raaponae  reaction  times. 

8Y«TtM  CQNriggiuwy 

divan  the  above  task,  its  complexity,  number  of  possible  deviations,  and  timing 
considerations,  a  miaroproceaaer  was  chosen  for  the  main  controller,  Peripheral  device! 
are  manipulated  using  software  located  In  programmable  memory,  (RAMI.  All  data  colltoted 
are  temporarily  atorad  in  memory  and  eubaaquently  recorded  on  a  digital  caeaatte  taps. 

When  the  mission  ii  completed,  the  tape  la  retrieved  from  the  real-time  controller  and 
taken  to  a  ground-baaed  data  analysis  computer,  Prior  to  each  mission,  certain 
parameters  are  entered  into  the  ground-based  computer  and  written,  slang  with  the  opera¬ 
ting  ioftware,  to  the  cassette  tape,  These  parameters  are  used  by  the  main  controller  in 
order  to  prasent  variations  of  the  task  described, 

The  system  configuration  la  shown  in  rigura  A-l  and  consists  of  a  real-time  controller 
and  data  collection  deviae,  ioftware,  and  a  ground-based  data  analysis  package , 

in  order  tc  provide  for  portability,  a  chassis  was  constructed  to  tit  into  a  specific 
loaation  in  the  nose  of  the  NT-J3A  aircraft.  The  chassis  is  small  enough  to  fit  into  e 
standard  off-the-shelf  enolaeure  and  light  enough  to  be  hand  portable.  The  control  panel 
of  the  wad  has  three  oonnactors  that  provide  all  Interface  signals  required  for  operation, 
in  the  portable  mode,  these  connectors  provide  I/O  line*  that  a*n  be  interfaced  to  various 
display  devices  and  response  keys  such  as  used  in  many  simulators  and  Isborstory 
environments , 

HARDWARE 

The  Workload  Asaesament  Device  (WADI  was  designed  sround  the  IEEE  69S .  1/0  2  hues, 

(8-1001 ,  This  buss  configuration  wa*  chosen  for  the  site  of  the  printed  circuit  board, 
availability,  and  coat.  Moat  1-100  device*  manufactured  today  are  reliable  and  well 
constructed,  and  there  exist*  a  large  base  of  different  peripherals  to  ohoose  from, 

Sinca  this  system  la  experimental  and  cost  a  major  eonoern,  it  was  not  required  to  meet 
government/mi 1  specifications  for  reliability,  temperature,  end  vibration. 

The  wad  mainframe  contain*  i  slot*  that  an  used  for  the  various  peripheral  interface*, 
memory,  and  CPU.  A  single  board  computer  manufactured  by  cromemoo,  Inc.,  it  used  for  the 
main  controller,  It  contains  s  serial  I/O  port,  leveril  parallel  I/O  lines,  real  time 
dock,  Read  Only  Memory  (ROM),  Programmable  Memory  (RAM),  and  all  necessary  system  timing 
signal*.  A  UK  RAM  board  is  used  for  program  and  data  atarag*.  The  next  bus*  location 
contain*  the  digital  cassette  interface  which  is  connected  to  the  NEE  Corporation  digital 
tape  recorder  located  oh  the  front  penal  of  the  WAD,  The  fourth  slot  contain*  *  lfi 
channel  analog  to  digital  (A/D)  converter  and  interface,  Thi*  unit  i»  connected  through 
cable*  to  th*  aircraft's  snslog  computer  and  can  be  used  to  monitor  up  to  #  different 
control  surfaces  thet  will  be  used  In  e  derivation  of  the  described  item  recognition  task. 
The  fifth  position  oonsain*  the  speech  synthesiser  board.  This  board  contain*  th*  new 
National  Semiconductor  speech  processor  IC  along  with  its  ROM  vocabulary  ICa. 

SYSTEM  OPERATION 

When  power  1*  applied  to  the  system,  a  boot  program  located  in  ROM  loads  a  fils  from 
the  cassette  tape  recorder.  This  file  contains  a  program  that  controls  all  operations  of 
the  item  recognition  task.  After  loading,  tha  program  gain*  control  of  tha  system  and 
wait*  for  a  command  from  th*  serial  port.  Th*  experimenter  has  several  option*  *t  thii 
time,  usually,  he  will  enter  *  command  for  th*  ayatem  to  load  a  ipeclflc  parametar  file 
from  th*  tape,  This  fils  contains  *11  ths  parameters  ussd  in  this  presentation  of  th# 
task,  sueh  si  inter-attmulu*  Interval  (ISI),  Memory  lee  Sis*  (MflET) ,  us*  of  visual  mod# 
veraua  auditory,  ato,  After  th*  experimenter  enter*  his  selection  the  subject  is 
presented  th*  task.  During  th*  task  presentation,  all  ths  error  scorts,  reaction  times, 
and  other  useful  data  are  stored  in  file* of  th#  cassette  tap*  containing  all  th#  col¬ 
lected  reaction  times,  error  score*,  and  various  other  parameters.  The  program  than 
recycle*  to  th*  experimenter1 a  oonsol*  and  waits  for  another  command,  when  the  experi¬ 
mental  session  1*  over,  the  cassette  tap*  li  retrieved  for  preliminary  data  rtduction 
end  display. 
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In  order  co  create  »  caaaett*  up*  containing  ch*  operating  program  and  atimulua 
parameters,  a  miorooomputar  is  provid«d  that  contain!  2  floppy  diak  drives,  mainframe, 
OPT  terminal,  printer,  digital  tap*  recorder,  and  Dtek  operating  system  (DOS',  Located 
on  dleki  ar*  several  mac  programs  that  allow  tha  experimenter, 'scientist  to  craata 
parameter  file*,  Alto  located  on  the  dlak  la  a  program  that  contain*  th*  operating 
software  for  th*  MAC  along  with  a' linker,  whan  tha  experimenter  want*  to  create  a 
par am* tar  tap*  h*  link*  together  th*  previously  created  parameter  file*  to  b*  uaed  with 
tha  teak  and  th*  WAS  operating  software.  Thia  newly  created  link  file  la  than  written 
out  to  th*  oaaeatt*  tape. 

During  data  reduction  or  analysis,  th*  caaaatta  tap*  containing  th*  newly  recorded 
date  ia  placed  in  th*  tap*  transport  and  a  loading  program  ia  run,  Thia  program  oraatta 
fl.l*a  on  the  diak  containing  all  th*  experimental  data  collected.  The  experimenter  ia 
than  able  to  dieplay  th*  date  on  the  CRT ,  print  it  out  on  th*  line  printer,  or  eubmit 
th*  data  to  aavaral  data  reduction  or  analyiia  program*. 

(SOM 

Th*  WAD  software  coniiet*  of  aavaral  programs  mentionad  above,  Moat  of  th*  hardware 
driver*  and  controlling  software  ar*  written  in  aeiembly  language,  but  tom*  of  the  com¬ 
plex  data  handling  routlnaa  ar*  written  using  Pascal,  All  of  th*  data  analyeie  eoftwara 
rune  under  th*  CP/M  diak  operating  system  (DOS) .  This  DOS  was  choaan  because  many 
applicationi  eoftwara  package*  and  high  level  languagtt  art  designed  to  ua*  CP/M  for 
tnair  I/O  and  fiia  structures. 

imtmihisi 

line*  th*  main  controlling  software  tor  tha  WAD  la  looatad  at  tha  beginning  of  each 
parameter  tap*  and  th*  touro*  ie  on  th*  floppy  diiki,  it  ia  very  easy  to  modify.  The 
experimenter  aimply  make*  hie  change*  using  th*  text  editor  and  recompile!  th*  program. 
Whan  ha  make*  a  parameter  tap*  th*  new  controlling  aoftwar*  will  be  Included  provided 
th*  file  name  was  not  changed,  Thia  provides  tha  experimenter/eeientlet  with  a  vary 
versatile  system  that  flan  ba  modifitd  ter  custom  application!  and  ha*  th*  capability  of 
adding  new  tasks,  Since  th*  peripheral*  provided  are  under  software  control,  any 
sequence  of  operation  oan  be  programmed,  thus  allowing  many  different  teak*  to  be 
included  in  the  data  beat. 

In  addition,  It  channel*  of  analog  to  digital  (A/D!  converters  with  intarfaoa  era 
being  installed,  This  will  anhano*  th*  systam  by  allowing  it  to  sample  up  to  elx 
primary  control  eurfacas  from  tha  NT-JJA,  or  any  other  eyatem/elmulator .  By  arranging 
th*  data  under  software  control,  many  derivation!  of  th*  itam-racognition  task  oan  ba 
construatad, 
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INFORMATION  REQUIREMENTS  FOR  PILOT  SUPERVISION 
OF  AUTOMATIC .LANDINO  IN  LOW  VISIBILITY  CONDITIONS 


By  Oeorge  Terhune  snd  J.  L.  DeCellea 
for  the 

All  Weather  Flying  Committee 
Air  Line  Pilot*  Association 


Pr***nt«d  by  J.  L,  DeCelles 
■t  th*  5th  Annusl  Symposium 
on  Advenoed  Flight  Instrumentation 
U.S.  Nsvsl  Air  Test  Center 
Pstuxent  River,  M*ryl*nd 
September  15-16,  1981 


Good  morning,  ladies  and  gentlemen.  Speaking  for  the  Air  Line  Pilots 
Association,  I  wish  to  express  our  appreciation  for  the  opportunity  to  address 
this  distinguished  assembly  on  a  subject  that  is  very  olose  to  our  hearts,  a 
subject  of  the  greatest  importance  to  airline  pilots,  namely,  the  information 
required  for  supervising  and  assessing  the  quality  of  automatic  landing 
operations. 

I  won't  be  desoribing  exotic  hardware.  Instead,  I  want  to  talk  about  some 
fundamental  concepts,  because,  in  ALPA's  view,  the  industry  is  losinR  touch 
with  some  very  basic  principles  concerning  the  responsibilities  and  the 
functions  of  the  pilot  during  approach  and  landing  in  low  visibility.  This 
tendency  is  apparent  aoroas  the  whole  apeotrum  of  approaches,  from  quasi-visual 
approaches  through  nonpreoision  ILS  and  full  1LS  approaches,  right  down  to 
those  with  the  lowest  authorized  or  contemplated  minima.  But  today  I  want  to 
zero  in  on  a  relatively  narrow  aspeot  of  that  total  problem, 

Automatio  landing  systema  have  bien  introduced  for  use  in  very  low  visibility 
without  adequate  information  for  pilot  supervision  and  assessment  of  the 
performance  of  the  approach  and  landing.  The  pilot  does  not  have  adequate 
means  for  ensuring  that  the  airplane  can  continue  safely  to  an  automatio 
landing,  he  cannot  adequately  determine  when  the  automatio  system  must  be 
disoonneoted,  and  he  oannot  be  sure  that  he  will  be  able  to  implement  the 
optimal  backup  maneuver  after  disoonneot. 

Automatio  landing  systems  incorporate  elaborate  annunciator  and  warning 
systems,  In  fact,  the  absence  of  an  alarm  or  warning  is  the  means  by  which 
the  pilot  is  most  often  expected  to  deduce  that  the  airplane  will  land  safely. 

In  ALPA's  view,  warning  systems  can  be  very  useful  adjunots  to  the  information 
system,  but  they  oan  never  be  the  prlnoipal  means  for  assessing  either  the 
performance  of  the  approaoh  and  landing  or  the  status  of  the  automatio  landing 
system.  Alarms  tend  to  oome  too  late,  and  they  give  too  little  information  on 
the  reason  for  the  problem  or  the  rate  and  direotion  of  departure  from  the 
desired  flight  situation.  Furthermore,  some  types  of  failure  do  not  trigger 
the  alarm  system, 

Well  then,  what  information  i_s  required  for  supervising  the  conduct  of  an 
automatio  landing  in  low  visibility?  In  the  opinion  of  the  Air  Line  Pilots 
Association,  the  required  information  is  that  which  is  needed  for  assessing  the 
position  and  direction  of  movement  (i.e.,  the  velocity  vector '<  of  the  aircraft, 
in  both  the  lateral  plane  and  the  vertical  plane. 

Let's  take  a  look  at  conventional  instrumentation  to  see  whether  it  satisfies 
this  requirement.  May  we  see  the  first  view-graph,  please?  (See  attached 
reproductions, ) 

This  is  an  Attitude  Director  Indicator  (ADI),  The  ADI  includes  the  artifioial 
horizon,  the  flight  director,  the  ILS  glideslope,  the  expanded-soale  TLS  * 

localizer,  a  Tast-slow  indicator  of  airspeed  error,  and  a  "rising  runway" 
indicator  of  radio  altitude  (below  200  ft,).  Despite  all  this  information,  the 
ADI  is  not  an  adequate  instrument  for  supervising  the  oonduot  of  an  automatio 
landing.  Why?  For  a  number  of  reasons: 

o  The  ADI  is  dominated  by  the  flight  director.  The  flight  director  gives 
attitude  commands  whioh,  if  they  are  correct  and  if  they  are  obeyed,  will 
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cause  the  aircraft  to  follow  the  desired  flight  path.  But  the  flight 
director  gives  no  information  which  can  inform  the  pilot  of  the  existence, 
size  or  direction  of  any  deviation  from  the  localizer  or  glideslope  pBth, 
Moreover,  as  a  means  for  monitoring  and  assessing  the  path  of  the  aircraft 
during  automatic  approach  and  landing,  the  flight  director  is  poorly 
qualified  because  its  logic  and  processes  are  too  similar  to  those  of  the 
automatic  flight  control  system.  In  fact,  in  some  systems  the  flight 
dlreotor  commands  are  simply  another  output  of  the  same  computer  that 
drives  the  autopilot. 

o  ILS  situation  information  is  given  in  the  ADI  (and  elsewhere  on  the 

conventional  instrument  panel)  but  is  not  given  in  a  manner  suitable  for 
effective  use  during  the  final  stages  of  approach  and  landing.  The 
situation  information  ig  incomplete  (no  flare  guidanoe)  and  is  presented  in 
a  format  that  is  not  properly  integrated  for  sufficiently  timely 
assimilation.  Even  though  the  various  indicators  are  looated  in  olose 
proximity,  they  are  still  separate  indications  with  different  soale  faotors 
and  different  sensitivities!  they  are  not  connected  by  any  oommon  frame  of 
reference;  and  their  information  must  be  picked  off  by  a  scanning  process. 
Moreover,  as  a  practical  fact  (demonstrated  by  NASA  testing  with 
ooulometers) ,  attention  to  situation  information  tends  to  be  severely 
inhibited  by  attention  to  flight  director  commands. 

o  Finally,  the  information  presented  on  the  ADI  isn't  adequate  for  the 

supervisory  and  assessment  process  because  it  doesn't  display  the  veloaity 
veotor  (the  direction  of  movement)  of  the  airoraft.  From  experience  on  the 
line  and  in  simulator  exercises  at  Ames  Researoh  Center  and  in  Franoe,  we 
have  found  that  on  very  short  final  approach,  position  information  beoomes 
increasingly  leas  urgent,  while  knowledge  of  the  velooity  vector  beoomes 
increasingly  more  urgent.  The  ADI,  with  rospoot  to  airoraft  movement  in 
the  lateral  plane,  provides  only  roll  data;  it  includes  no  display  of 
either  heading  or  track.  The  information  it  provides  regarding  direction 
of  movement  in  the  vertical  plane  is,  to  say  the  least,  ahootio.  There  is 
pitoh,  pitch  command,  airspeed  error,  and  glideslope  deviation  informa¬ 
tion,  Elsewhere  on  the  panel,  rate  of  descent  information  is  given. 

Nowhere  on  the  panel  ia  there  a  direct  indication  of  the  vertical  vector, 
the  angle  of  descent.  Given  plenty  of  time  and  stable  flight  conditions, 
the  pilot  could  mentally  integrate  the  soettered  bits  of  vertical  data  that 
are  preserved  and  could  estimate  the  angle  of  descent;  but  in  actual 
conditions  on  very  short  final  he  simply  doesn't  have  time  -  nor  would  the 
resulting  estimate  be  accurate  enough  to  be  useful. 

In  sharp  oontrBSt  to  the  conventional  ADI,  we  iieve  flown  simulations  and 
research  aircraft  with  well-integrated  electronic  vertical  situation  displays 
based  on  "airplane"  symbols  representing  direction  of  flight  (velocity  veator) 
instead  of  boresight.  These  displays  contain  all  elements  of  the  airplane's 
position,  direction  of  flight,  and  t.erodynaraio  status,  in  a  format  whose  use 
requires  no  spaoial  mental  process.  One  aspect  of  this  type  of  display  whioh 
is  particularly  important  for  assessment  of  an  automatic  landing  is  that 
inappropriate  control  Inputs  end  destabilizing  atmospheric  effects  show  up  very 
quickly  in  the  "airplane"  symbol,  which  is  s  sensitive  indicator  of  the 
airplane's  direction  of  flight. 
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At  this  point  I  would  like  to  show  you  a  series  of  35-tnm  slides  whioh  we 
believe  dramatically  illustrate  the  crucial  importance  of  velooity  vector 
information  -  particularly  with  respect  to  flight  path  assessment  in  the 
vertical  plane.  These  photographs  were  made  in  the  now-defunct  Fog  Chamber 
at  the  University  of  California  in  Berkeley.  They  were  made  by  positioning  a 
camera  in  various  attitudes  at  intervals  along  the  final  approach  course 
corresponding  with  data  tsken  at  one-second  intervals  from  the  flight  recorder 
of  a  turbojet  airliner.  The  incident  from  which  these  data  were  taken  occurred 
during  a  late  night  Category  II  approaoh  with  the  RVR  reported  at  12C0  ft.  The 
aircraft  struck  approach  light  stanchions  1300  ft.  short  of  the  runway  and 
succeeded  in  landing  with  no  other  damage  than  ruptured  tires.  This  first 
slide  shows  the  profile  of  the  flight  starting  at  a  point  where  the  airoraft 
was  on  the  glideslope  225  ft.  above  TDZ  elevation  and  ending  at  the  point  of 
initial  impact  ieoo  ft.  shopt  of  the  runway.  The  following  twelve  slides 
represent  what  should  have  been  visible  to  the  crew  at  one-seoond  intervals 
along  that  profile. 

This  next  slide  is  a  picture  of  the  approach  light  structure  which  was 
contacted . 

The  final  twelve  slides  show  the  same  external  scenes,  but  this  time  some  very 
rudimentary  "head-up  display"  symbology  has  been  added.  The  single  green  line 
with  a  f'p  at  its  center  shows  the  position  of  the  horizon.  The  two  parallel 
green  lines  represent  the  ILS  glideslope.  The  green  circle  is  fixed  three 
degrees  below  the  horizon.  When  the  circle  is  centered  on  the  glideslope 
symbol,  the  aircraft  is  on  glideslope.  When  the  glideslope  symbol  is  above  the 
circle,  the  aircraft  is  below  glideslope.  The  two  red  wedges  together 
represent  the  velocity  vector  of  the  aircraft.  When  they  superimpose  the 
circle,  the  aircraft  is  descending  at  a  three-degree  angle.  When  they  are 
superimposed  upon  the  horizon,  the  aircraft  is  maintaining  a  constant 
altitude.  You  will  note  that  the  first  and  most  dramatic  indication  of  trouble 
is  provided  by  the  velocity  vector  wedges. 

Now  may  we  see  the  other  view-graph?  This  is  a  partial  illustration  of 
symbology  used  in  the  PERSEPOLIS  program  in  France.  The  two  "poles"  standing 
on  the  horizon  line  mark  the  heading  of  the  runway.  The  "synthetic  runway" 
symbol  is  generated  from  ILS  data.  The  rectangular  window  is  centered  on  the 
ILS  centerline  at  a  point  approximately  1/4  of  the  distance  between  the 
aircraft  and  the  runway.  The  relation  between  the  "runway"  symbol  and  the  ILS 
"window"  constitutes  an  expanded  3cale  indication  of  deviation  from  the 
centerline  of  the  ILS  localizer  and  glideslope.  The  wir.ged  circle  symbol 
represents  the  velocity  vector  of  the  aircraft.  If  the  vector  symbol  is  in  the 
ILS  window,  the  aircraft  is  doing  what  needs  to  be  done  for  the  purpose  of 
staying  on  or  returning  to  the  centerline  of  the  ILS,  When  the  aircraft 
reaches  the  height  at  which  flare  should  be  initiated,  the  vertical  dimension 
of  the  "window"  decreases  to  the  size  of  the  vector  circle.  At  touchdown,  the 
window  narrows  laterally,  extends  vertically  and  becomes  a  rollout  guide.  The 
most  immediate  indication  of  improper  performance  by  the  automatic  flight 
control  system  during  any  phase  of  the  approach  and  landing  occurs  when  the 
vector  circle  moves  out  of  the  ILS  window. 


Our  purpose  here  is  not  to  advocate  or  recommend  a  particular  set  of 
symbology.  This  is  just  one  example  of  the  kind  of  display  which  can  transmit 
to  the  pilot  the  information  required  for  assessing  the  conduct  of  automatic 
landings  and  for  exercising  emergency  manual  backup  control.  What  are  the 
essential  oharacteristics  of  such  displays? 


o  First,  they  are  well-integrated  displays.  Some  flight  information  is 
inherently  related  to  "earth,"  some  to  "airplane,"  and  some  is  simply 
scalar .  But  all  the  information  required  for  approach  and  landing  is 
displayed  in  a  coherent  scheme  geometrically  related  to  the  pilot's  real- 
world  view  in  the  windshield  or  at  least  fully  compatible  with  that  view. 

o  Second,  the  displays  are  based  primarily  on  situation,  not  command, 
information.  They  enable  the  pilot  to  be  in  command  of  the  situation 
rather  than  being  a  servo  for  the  flight  director. 

o  A  third  oharsoteristio  has  already  been  mentioned  but  is  so  important  that 
it  bears  repeating:  these  displays  are  centered  on  an  "airplane"  symbol 
that  represents  direction  of  flight  (velocity  vector)  rather  than  aircraft 
attitude . 


Let  me  expand  that  last  idea  just  a  bit.  The  velocity  veator  has  two 
components,  lateral  and  vertioal.  The  lateral  component  can  be  represented  by 
heading,  though  track  -  if  drift  angle  is  available  -  is  preferable.  The 
vertioal  component  is  flight  path  angle  -  angle  of  climb  or  descent  -  and  oan 
be  referenced  to  the  air  mass  (e.g.,  pitoh  angle  minus  angle  of  attack),  or  can 
be  inertial  (e.g.,  slope  «  vertioal  speed  divided  by  groundspeed) ,  or  can  be  a 
hybrid  approximation  of  inertial  (e.g.,  slope  a  vertioal  speed  divided  by  true 
airspeed) . 

In  our  experience,  either  the  inertial  or  hybrid  inertial  form  gives  the  best 
display,  with  only  minor  differences  easily  handled  by  the  pilot.  To  make  the 
airplane  (velocity  vector)  symbol  flyable,  the  symbol  needs  to  include  some 
kinds  of  anticipation  oue  which  will  give  immediate  and  somewhat  prediotive 
response  to  oontrol  inputs.  Suoh  anticipation  is  easily  provided  by  pitoh  rate 
and/or  a  vertical  accelerometer  mounted  somewhat  forward  of  the  airplane's 
center  of  gravity. 

A  direct,  sensitive,  flyable  indicator  of  direction  of  flight  is  particularly 
important  in  assessing  the  performance  of  an  automatic  landing  system,  Any 
inappropriate  movement  of  that  symbol  can  be  the  first  indication  that  the 
autopilot  is  going  bad.  Also,  it  provides  the  central  element  of  the 
information  the  pilot  needs  either  to  make  a  correction  or  to  initiate  a  safe 
go- around. 

Finally,  and  of  very  great  importance  in  our  list  of  essential  display 
oharaoteristios,  tha  display  should  be  available  head-up.  The  advantages  of 
head-up  display  in  sce-to-land  approaches  are  well-known,  ao  I  won't  dwell  on 
that  aspeot  of  the  matter.  What  is  less  obvious  is  the  need  to  have  the 
display  head-up  for  very  low  visibility  operations  that  are  defined  as  not-see- 
to-land,  so  let's  examine  that  question. 
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As  noted  earlier,  some  manufacturers  and  some  airlines  have  proposed  nonvisual 
landing  operations  with  no  provision  for  pilot  assessment  of  the  final  critical 
phases  of  the  approach  and  landing.  When  puaheJ  very  hard,  some  of  the  people 
representing  these  proposals  will  admit  that  some  form  of  monitoring  is 
required,  but  they  contend  that  adequate  monitoring  can  be  accomplished  by  some 
combination  of: 

(a)  automatic  warning  systems, 

(b)  reference  to  conventional  instruments  (primarily  ILS  localizer  and 
glidealope  deviation),  and 

(o)  in  those  oases  where  some  degree  of  visual  reference  is  required,  by 
split  orew  funotiops,  wherein  one  pilot  is  head^own  on  conventional 
instruments  while  the  other  pilot  is  head-up  on  the  external  viaual 
oues . 

When  pushed  very,  very  hard,  some  of  these  people  will  agree  that  (a)  automatic 
warning  systems  can  not  be  the  primary  basis  of  tha  information  aystam, 

(b)  that  conventional  instruments  are  not  fully  adequate,  and  Co)  that  split- 
crew  procedures  for  handling  flight-oritioal  information  are  a  significant 
compromise  of  the  principles  upon  whioh  redundant  instrumentation  and  orew 
duties  were  founded. 

At  that  point  we  reaoh  tha  ultimata  fall-back  position  of  the  antl-HUD  foroea: 
they  may  be  willing  to  provide  (eventually,  not  now)  an  improved  advanced 
eleotronio  display,  perhaps  baaed  on  flight  path,  but  head-down,  not  head-up, 
Sinoe  Cat  Illb  is  defined  not  to  require  external  visual  reference  until  the 
end  of  rollout,  they  ask,  What  is  wrong  with  having  all  the  information  head- 
down? 

What  is  wrong  is  that  Cat  III  approaches  will  be  conducted  in  tha  real  world, 
not  on  paper  or  in  a  simulator.  In  the  real  world,  the  average  pilot  will 
seldom  if  ever  aee  a  truly  nonviaual  landing.  It  is  well  established  that 
there  is  almost  always  "something"  to  see,  and  that  "something",  no  matter  how 
dimly  seen,  has  the  overwhelming  advantage  of  being  real,  so  there  is  an 
irresistable  temptation  for  the  pilot  to  look  up  and  establish  some  kind  of 
visual  contact  before  landing, 

Furthermore,  applicable  experience  in  line  operations  will  be  obtained  in 
visibility  whioh  is  very  muoh  better  than  the  minimum  for  nonvisual  landings. 

In  these  better  conditions,  it  is  not  only  irresistible  to  look  up,  it  is 
required  by  regulation.  Unless  the  display  for  the  so-called  nonvisual 
landing  is  also  fully  adequate  for  visual  and  quasi-viaual  landing,  the  pilot 
skills  required  for  effective  use  of  the  display  will  not  be  developed . 

Now  one  final  point  regarding  advanoed  head-down  displays.  ALPA  ia  certainly 
not  opposed  to  having  the  beat  possible  eleotronio  flight  instrument  display 
presented  head-down.  Our  point  is  only  that  it  cannot  substitute  for  a 
good  head-ug  display.  Ultimately  we  must  have  proper  instrument  information 
displayed  heed-up,  and  at  that  time  it  will  almost  certainly  be  found  neeesaary 
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to  have  th«  same  information  displayed  head-down  as  well.  If  that  is  the  case, 
then  it  seems  obvious  that  the  head-up  and  the  head-down  displays  should  be 
perfeotly  compatible  —  in  fact  it  appears  to  us  that  they  should  be  virtually 
identical .  By  that  line  of  reasoning  we  arrive  at  the  following  position 
regarding  advanced  head-down  displays;  An  advanoed  head-down  display  should  be 
a  good  head-up  display  presented  head-down.  This  is  because  there  are  certain 
constraints  on  the  design  of  a  head-up  display  whioh  do  not  necessarily  apply 
to  a  display  that  is  intended  solely  for  use  head-down.  HUD  must  be  fully 
compatible  with  patterns  of  geometry  and  lighting  that  occur  in  the  windshield 
view.  HUD  must  be  soiled  to  matoh  real-world  geometry.  HUD  must  have  dynamics 
whioh  matoh  the  apparent  movement  of  real  objaots  In  the  windshield  view  aa  the 
airplane  ia  maneuvered.  These  constraints  would  not  necessarily  ooour  to  the 
designer  of  a  purely  head-down  display,  but  they  must  be  allowed  for  right  at 
the  beginning  if  we  are  to  obtalrt  compatible  displays  head-up  and  head-down, 
Therefore,  we  say  that  any  interim  improvement  in  head-down  displays  should 
take  full  aooount  of  head-up  design  principles, 

‘If^^losing,  let  me  recap  the  main  points;  ' 

I'T'^The  pilot-in-oommand  ia  fully  and  solely  responsible  for  supervising 
the  approach  and  ensuring  that  the  airplane  will  land  safely  in  tho 
touohdown  zone,  no  matter  what  the  visibility,  and  no  matter  whether 
control  is  manual  or  through  an  autopilot, 

2,  Absence  of  an  alarm  ia  not  sufficient  information  upon  whioh  to  base 
any  essential  part  of  this  assessment  or  deolsion,,, 

3.  '  rituation  information,  not  a  flight  director,  should  be  the  primary 

■•-.'iitent  of  the  display,  and  it  must  be  delivered  in  a  fully  integrated 
lormat,  head-up. 

U.  Even  if  in  theory  nonvisual  landings  are  permitted,  considerations  of 
pilot  psychology,  practical  experience,  and  training  require  the 
display  to  be  available  head-up.  .. 

Thank  you  for  your  courteous  attention. 
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CONVENTIONAL  ADI 
Two  Naadl#  Flight  Dlractor 

Expamtod*  LocaUxor  at  bottom  — — - - 

Turn  Naadla  al«o  at  bottom - “ 

GlkJaalopo  at  right 
Spaad  arror  at  toft 


V 
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Simpfftod  "attuatton"  symbology. 
"Portopolt  ”  typo,  but  with  tpood  worm,  and 
without  ‘potontM  light  path". 
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ABSTRACT 

The  subject  of  flight  trajectory  displays  has  claimed  the  attention 
of  a  considerable  body  of  engineers  and  engineering  psychologists  over  the 
years,  and  a  number  of  imaginative  concepts  have  resulted  from  their  efforts. 
Only  within  the  last  few  years,  however,  did  the  computer  technology  advance 
to  the  state  that  some  of  these  concepts  could  be  Implemented.  One  such 
concept  is  the  Maneuvering  Flight  Peth  Display  (MFPD), which  was  first 
advanced  in  the  early  1950’s.  ^The  MFPD  provides  to  ths  pilot  an  anticipatory, 
real-time  presentation  of  the  command  flight  path.  Ths  presentation  depicts 
the  "solution"  of  the  desired  trajectory,  thus  telling  ths  pilot  "what  to  do" 
and  "how  to  do  it".  This  information  is  displayed  without  resorting  to  the 
traditional  dials,  scales,  pointers  or  alphanumeric  readouts. _ 

An  earth-stabilised,  perspectlvaly  transformed,  command  flight  path, 
8,000  feet  in  length  and  60  feet  wide,  is  generated  on  the  basis  of  flight 
plan  Inputs.  The  flight  path  is  then  portrayed  graphically  in  real-time 
as  an  "inside-out"  presantation  on  a  head-up  display  or  a  head-down  vertical 
situation  display.  The  elements  comprising  ths  flight  path  are  analogous  to 
taratripa  on  a  highway,  end  move  on  the  display  in  a  corresponding  manner. 

The  continuum  of  "tarstrips"  depict  the  projected  commend  attitudes,  alti¬ 
tudes  and  directions  of  the  aircraft.  Command  speeds  ere  provided  by  a 
miniature  leed  aircraft,  located  20  feet  above  and  immediately  to  the  left  of 
the  flight  path,  which  ie  programmed  to  fly  at  command  speed. 

The  pilot,  by  controlling  his  aircraft  to  fly  just  above  the  flight  path 
in  a  loose  cruise  formation  with  the  miniature  lead  aircraft,  is  assured 
of  precise  4-D  (i.e.,  x,  y,  r,  and  time)  trajectory  control. 
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The  concept  formulation,  the  development  to  data,  the  various  operational 
features,  and  contemplated  futura  raflnaaanta  of  tba  MFPD  ara  daacribad, 

introduction 

This  papar  diacuaaaa  tha  raaulta  of  IR&D  and  contract  work  .performed  at 
tba  Aircraft  Dlvlalon  of  tha  Northrop  Corporation  on  tha  Maneuvering  Flight 
Blaplay  (MFPD) ^  The  contract  work  waa  dona  under  tha  direction  of 
Kaaara.  W.  G.  Mulley  and  S.  M.  FUaraky  of  tha  Naval  Air  Development  Center. 
Mr.  G.  W.  Hoovar  aarvad  aa  a  oonaultant  on  tha  project  during  part  of  tha 
effort. 

Tha  concept  of  tha  flight  path  diaplay  waa  fir at  formulated  and  defined 
under  tha  Army-Navy  Inatrumantatlon  Program  (ANIP)  in  tha  1952-1963  period. 

Tha  ANIP  waa  organised  and,  until  hia  retirement  in  1939,  directed  by 
CDR  George  W.  Hoover  of  tha  Office  of  Naval  Raaaarch.  Tha  objective  of  the 
program  waa  to  define  and  develop  needed  lmprovamenta  in  tha  man-machine 
intarfacae  for  both  conventional  and  V/STOL  aircraft.  Tha  flight  path  die- 
play  waa  one  element  of  a  conpreheneive,  Intagrated,  diaplay  eyatem  dealgned 
by  ANIP  to  satisfy  all  of  tha  identified  pilot  information  raqulremanta  eo 
aa  to  achiave  greater  aircraft  weapon  ayatem  performance,  lncreaaed  flight 
aafaty,  and  decraaaed  pilot  training.  The  then-prevailing  limitatlona  in 
computer  technology  fruatratad  development  of  the  flight  path  diaplay  at 
that  time. 

In  early  1975,  Northrop  initiated  action  under  its  independent  raeearch 
and  development  (IR6D)  program  to  extend  the  earlier  work  on  tha  flight  path 
dieplay  and,  in  January  1977,  waa  awarded  a  contract  by  the  Naval  Air  Develop¬ 
ment  Canter  to  demonstrate  the  feaelbility  of  the  Northrop  approach.  This  was 
accompllahad  on  the  Northrop  Large  Amplitude  Simulator  (Figure  1)  using  a  eix- 
degrea-of -freedom  F-5E  aircraft  dynamics  program.  The  results  of  the  feasi¬ 
bility  demonstration  ara  described  in  Reference  1. 

The  feasibility  demonstration  contract  was  extended  to  cover  the*  study 
of  the  transition  path,  the  velocity  index,  the  texture  of  the  flight  path 
alements,  and  the  MFPD  field  of  view  requirements.  Rsferencs  2  describes  the 
studies  involved  in  the  extended  effort  and  presents  the  related  findings, 
conclusions  and  recommendations. 

Since  receiving  the  first  MFPD  contract  award  in  January  1977,  Northrop 
has  alao  maintained  an  active  IRSD  project  on  the  dieplay  concept.  The  IR&D 
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effort  he a  bean  concerned  with  the  fundamental  issues  of  4-D  (i.e.,  x,  y,  z, 
and  tine)  trajectory  generation  and  display,  whereas  the  contract  work  has 
been  devoted  to  specific  applications  of  those  fundamentals  to  implement  the 
current  varalon  of  the  MFPD, 

References  3  through  6  constitute  the  principal  technical  papera  pre¬ 
sented  on  the  MFPD  since  the  start  of  the  flight  path  development  activity 
at  Northrop.  These  papers  served  as  progressive  reports  to  the  technical 
and  operational  communitias  on  both  the  independent  research  and  development 
effort  and  tha  contract  work  involved.  Additionally,  btlefinge  on  the  pro¬ 
ject  and  demonstrations  of  tha  KFPD  in  a  functional  laboratory  cockpit,  pri¬ 
marily  to  government  personnel,  were  provided  by  Northrop  as  the  engineering 
of  the  concept  proceeded  and  the  design  evolved.  The  functional  cockpit  is 
located  in  the  Northrop  Avionics  Integration  Laboratory  (Figura  2). 

The  MFPD  wee  developed  with  the  Intention  that,  eventually,  tha  display 
would  be  presented  simultaneously  with  a  high  fidelity  contact  analogue  dis¬ 
play.  The  complete,  Integrated  preaentation  would  be  provided  at  all  timea 
on  the  heed-down  vertical  situation  display  (V8D)  end  horizontal  altuation 
display  (HSU)  and,  during  periods  of  reduced  visibility,  on  the  heed-up  dis¬ 
play  (HUP)  as  well.  This  combined  presentation  is  shown  in  Figure  3. 
Normally,  only  the  MFPD  and  the  horizon  line  would  be  presented  on  the  HUD. 

In  other  words,  'he  KFPD  fulfills  the  critical  need  for  real-time  director 
information  and  fits  very  compatibly  into  the  complex  scheme  of  an  advanced, 
integrated  display  system. 

THK  PILOT  WORKLOAD  PROBLEM 

Ilia  tactical  aircraft  pilot  is  faced  with  two  major  concarns  in  ths 
course  of  flying  hie  missions  -  controlling  preclesly  the  trajectory  of  hia 
vehicle,  end  operating  affectively  the  various  elements  of  his  system  so  au 
to  execute  the  required  mission  functions.  Ths  pilot's  prlnclpsl  probltm 
arises  from  the  necessity  of  dealing  with  these  two  concerhe  simultaneously 
end,  often,  under  highly  dynamic  end  hostile  circumstances.  Simply  stated, 
the  pilot  has  too  much  to  do  end  too  little  time  in  which  to  do  it. 

In  the  interest  of  gaining  some  insight  into  the  crew  workload  problem, 
let  ue  consider  for  e  moment  the  nature  of  crew  tasks  in  general.  Grossly, 
these  teaks  iteratively  involve  tha  perception  of  conditions  of  interest,  the 
determination  of  the  specific  crew  action  required,  the  execution  of  that 
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action!  and  tha  obiarvation  of  the  ef facta  of  tha  action.  In  abort,  all 
craw  taaka  raqulra  that  information  ba  provided  to  enable  the  craw  member 
to  determine  what  is  happening,  what  ahould  be  done,  and  how  the  required 
taak  ahould  be  dona.  Further,  it  la  necaaaary  to  keep  tha  pilot  apprised 
of  how  ha  la  doing  as  he  does  it. 

In  tha  case  of  present  tactical  aircraft,  tha  pilot  la  called  upon  to 
contribute  significantly  to  the  ef fectivaneaa  of  the  total  syBtaa.  Systems 
of  the  future  are  expected  to  impose  even  greater  demands  in  this  regard,  deppite 
the  increased  uee  of  automation  which  la  anticipated.  Thla  expectation  poses 
particularly  eetloue  problems  to  the  craw  station  designer,  since  the  pilot  is 
already  operating  at  or  very  close  to  his  performance  limits. 

The  operational  envlronmtnt  ntad  not  include  an  overt  threat  by  the  enemy 
in  order  to  create  s  pilot  overload  condition.  Aa  raportad  In  Aerospace  Safety, 
August  1979,  "Approximately  half  of  tha  aircraft  that  collide  with  the  ground 
do  ao  on  low  level  nsvigation/tactics  missions  which  do  not  involvs  bombing, 
cargo  dropping,  or  aerial  combat  but  simply  navigation  from  point  to  point  with 
minimum  exposure". 

The  practice  of  supplying  the  pilot  with  dedicated,  aingle-f unction,  con¬ 
trols  and  displays  started  in  the  early  days  of  aviation  and,  in  aome  casta, 
has  persisted  to  this  day.  As  each  new  capability  was  added  to  the  ayatem, 
tha  new  capability  was  usually  accompanied  by  its  own  unique  display  and  control 
provlaions.  This  practice  served  to  increase  the  complexity  and  clutter  of  the 
cockpit  and,  correspondingly ,  tha  workloads.  Concurrently,  vehicle  performance 
capabilities  were  increased,  further  compounding  the  problem  of  the  crew.  For 
example,  an  increase  in  vehicle  speed  decreases  the  time  npan  within  which  the 
pilot  must  set,  thereby  adding  internal  atreae  to  an  already  critical  situation. 

Given  a  high  threat  environment,  tha  pilot  taska  associated  with  the 
operation  of  a  modern  aircraft  weapon  ayatem  become  even  more  numerous  and 
complex  and,  almost  without  exception,  the  associated  crew  workloads  become 
unacceptably  high. 

Tha  related  need  for  improvement  changes  in  tha  man-machine  Interface 
has  become  generally  recognised  end,  in  recant  years,  significant  efforts 
toward  that  and  have  been  launched  by  the  antlre  aerospace  community.  For 
instance,  Air  Force  programs  currently  under  way  include  an  Integrated  Flight/ 
Trajectory  Control  project  which  seeks  to  implement  s  four  dimensional 
(i.e.,  x,  y,  a,  end  time)  navigation  system  for  on-board  flight  trajectory 
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control.  Other  related  Air  Force  programs,  also  underway,  include  Integrated 
Flight/Fire  Control  and  Integrated  Flight/Weapans  Control. 

Northrop'#  present  effort  is  baaed  on  the  assumption  that  the  man- 
machine  interface  can  be  improved  to  facilitate  pilot  decision-making  and 
control  in  the  cockpit.  The  Maneuvering  Flight  Path  Display  (MFPD)  develop¬ 
ment  ■•■ctivity  is  an  important  part  of  that  effort  and  addresses  directly 
the  more  important  of  the  two  major  pilot  concerns  previously  mentioned  - 
trajectory  control. 

BASIS  OF  THE  CONCEPT 

Combat  aircraft  capability  has  been  expressed  traitionally  in  terms  of 
ouch  air  vehicle  performance  characteristics  as  speed,  altitude,  maneuver" 
ability,  range  and  payload.  In  the  continual  race  to  produce  tactically 
superior  aircraft,  it  is  of  course  essential  to  concentrate  on  increasing 
air  vehicle  performance.  As  observed  above,  there  is  one  technologically 
neglected  area  -  the  man-machine  interface  -  which  could,  if  properly  ex¬ 
ploited,  augment  air  vehicle  performance  significantly.  In  fact,  a  properly 
designed  man-machine  Interface  is  capable  of  independently  providing  a 
significant  tactical  edge  in  either  the  air-to-air  or  the  air-to-ground  en¬ 
vironment. 

Reviewing  the  man-machir.e  interface  of  a  typical  single-Beat  combat 
aircraft  with  a  view  toward  providing  a  tactical  edge,  several  observations 
may  be  made.  First,  the  pilot's  primary  interface  with  the  world  outside 
his  cockpit  in  all  tactical  phases  of  flight  1b  visual,  and  the  chief  visual 
display  device  involved  is  the  head-up  display  (HUD).  Second,  the  pilot 
must  acan  continuously  the  world  outside  the  cockpit  and,  except  for  limited 
periods,  cannot  concentrate  exclusively  on  the  HUD  presentations.  Third, 
in  any  engagement,  two  first-order  considerations  are  paramdunt  -  position 
and  energy  -  and,  together,  they  determine  uniquely  the  vehicle's  trajectory 
requirements,  both  in  terms  of  what  to  do  and  how  to  do  it.  Fourth,  the 
best  means  of  ensuring  success  in  any  engagement  is  to  be  capable  of  operating 
within  the  adversary's  reaction  time  lag  -  in  other  words,  to  be  able  to 
react  more  quickly  than  the  enemy.  Translating  theee  observations  into  a 
single,  specific,  man-machine  interface  requirement,  it  is  clear  that  an 
eaey-to-understand  HUD  trajectory  control  presentation  which  may  be  flown 
effectively  with  peripheral  vjeion  is  required. 
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Looking  first  at  the  matter  of  trajectory  control,  Figure  A  shows  the 
complex  array  of  parametric  flight  data  which  la  typically  presented  to 
the  pilot  on  a  head-up  display.  F-  •  this  collection  of  symbols  and  numbers, 
the  pilot  must  determine  his  dynamic  flight  status  and  then  relate  that 
stetuB  to  the  desired  flight  trajectory.  But  the  parameters  being  displayed 
are  not  independent.  A  slight  change  in  aircraft  pitch  will  affect  not  only 
the.  pitch  ladder  but  the  altitude,  the  vertical  velocity,  the  angle  of 
attack,  and  the  airspeed  as  well.  Simultaneously,  the  pilot  must  maintain 
a  high  state  of  vigilance  outaide  the  cockpit.  In  thlB  situation,  the  audition 
of  any  complications  such  as  a  system  malfunction  can  result  in  unacceptable, 
and  possibly  fatal,  deviations  from  the  desired  trajectory. 

The  problem  then  is  to  provide  a  better  means  of  presenting  trajectory 
information  to  the  pilot.  For  example,  the  presentation  must  be  capable  of 
telling  the  pilot  what  to  do  and  how  to  do  it  and  also  be  capable  of  providing 
sufficient  anticipation  to  ensure  that  it  is  done  at  the  proper  time.  The 
HFPD  satisfies  this  requirement.  Recalling  the  specific  elements  of  the  over¬ 
all  requirement,  the  corresponding  capabilities  of  the  MFPD  may  be  Btated  as 
follows: 

o  The  MFPD  provides  a  visual  presentation  which  is  perceptually 
compatible  with  the  real  world  (that  is,  it  is  earth-referenced) 
and  electronically  compatible  with  the  HUD. 

o  The  MFPD  presentation  is  a  graphical  analogue  of  a  real  world 
entity  (a  highway)  for  which  human  response  is  well  known  and 
with  which  peripheral  vision  in  particular  la  used  successfully. 

o  The  MFPD  portrays  the  vehicle’s  command  trajectory  in  terms  of 
its  attitude,  altitude,  direction  and  speed;  therefore,  the 
prevailing  position  and  energy  requirements  are  satisfied 
implicitly  along  with  the ’What" and "how"of  the  maneuvers  involved. 
However,  the  pilot  Is  free  to  accept,  postpone,  or  reject  the 
solution  being  presented  as  his  judgment  dictates. 

THE  MFPD  COKCEPT 

The  MFPD  is  an  electronically  generated,  flight  director  presentation 
which  provides  the  pilot  with  a  dynamic,  graphical  representation  of  the 
trajectory  to  be  flown.  Thus,  the  MFPD  obviates  the  traditional  need  for 
the  pilot  to  visualize  his  flight  trajectory,  correlate  a  number  of  indi- 
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FIGURE  4 


vldual  flight  parameters  to  his  mental  image  of  the  trajectory,  and  execute 
the  trajectory  by  controlling  his  vehicle  to  the  desired  value  of  each  of 
the  individual  flight  parameters.  Indeed,  the  MFPD  eliminates  the  entire 
visualization  and  correlation  process,  and  simplifies  the  execution  process 
by  computing  and  perspectively  transforming  the  pilot's  flight  plan  and  then 
displaying  the  flight  plan  to  him  as  if  It  were  a  visible  "highway  in  the 
sky".  The  pilot  responds  to  the  display  presentation  in  much  the  same  manner 
as,  when  driving  his  car,  he  responds  to  the  highway  scene  as  viewed  through 
the  windshield. 

Only  two  unique  display  elements  are  uaed  in  the  KFPD  presentation  to 
provide  the  pilot  with  ell  of  the  guidance  and  control  Information  needed  for 
trajectory  control  of  the  vehicle:  the  flight  path  elements  which  define  the 
aircraft's  attitude,  altitude  and  direction;  and  the  velocity  index  through 
which  the  vehicle  speed  is  controlled.  A  horizon  line  is  always  provided 
with  the  MFPD  to  preserve  the  pilot's  real  world  orientation,  but  that  feature 
is  not  regarded  as  part  of  the  MFPD. 

The  flight  path  elements  are  analogous  to  "tarstrips"  on  a  highway  and 
in  their  aggregation  from  a  discernible,  perspectively  correct  continuum 
which  is  psrceived  by  the  pilot  as  the  delineation  of  hiB  flight  path.  When 
the  aircraft  is  "on  path",  the  flight  path  appears  to  extend  out  in  front  of 
the  aircraft  like  a  highway  and  the  flight  path  elements  appear  to  move  under 
the  vehicle  at  a  Bpeed  equal  to  the  vehicle's  ground  speed.  The  flight  path 
elements  properly  depict,  out  in  front  of  the  vehicle,  the  aircraft  pitch  end 
bank  commands  required  to  achieve  the  altitude  end  course  changes  necessary 
to  conform  to  the  flight  plan.  Hence  the  pilot  is  provided  with  the  antici¬ 
patory  information  he  needu  to  "stay  ahead"  of  his  aircraft.  Since  the  MFPD 
is  earth-stabilized,  these  pitch  and  bank  commands  ramain  fixed  geographically 
while  the  aircraft  approaches  them.  In  other  words,  the  aircraft  doses  with 
a  turn  in  the  MFPD  exactly  bb  an  automobile  closes  with  s  turn  In  the  highway. 

The  velocity  index  appears  to  the  pilot  as  a  miniature  airplane  which  is 
flying  Juet  to  the  left  of,  and  about  20  feat  above,  the  flight  path.  The 
pilot  controls  his  vehicle's  speed  by  flying  a  loose,  non-taxing  formation 
cm  the  right  wing  of  the  miniature  airplane  (i.e.,  when  the  aircraft  ia 
"on  spaed",  it  appears  to  the  pilot  that  he  ie  holding  position  on  and  is 
about  700  feet  behind  the  miniature  plane).  Thue,  when  the  miniature  airplane 
moves  away  from  him,  it  denotes  that  he  ie  too  slow;  and,  whan  the  little 
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plane  moves  toward  him,  It  indicates  that  he  is  too  feat.  The  velocity  Index 
also  serves  to  enhance  both  attitude  end  altitude  control.  The  miniature  air¬ 
plane  flies  in  a  plane  parallel  to  that  of  the  flight  path.  Thus,  if  the 
pilot  la  flying  at  a  proper  speed  (and,  therefore,  700  feet  behind  the  little 
plane),  he  can  obtain  valuable,  additional,  anticipatory  attitude  cues  by 
observing  the  maneuvers  of  the  miniature  craft  aa  well  as  the  flight  path. 
Further,  if  the  pilot  takes  an  altitude  about  midway  between  that  of  the 
miniature  airplane  and  that  of  the  flight  path  (say,  stepped  down  10  feet 
below  the  little  airplane),  he  then  enjoys  both  upper  and  lower  altitude 
references  and  will  be  "on  altitude"  and  able  to  maintain  that  altitude  with 
precision  and  relative  ease. 

The  pictorial  nature  of  the  MFPD  and  the  inheront  redundancy  of  visual 
cues  it  affords  (such  as  attitude  and  altitude  Information  from  the  velocity 
index)  enable  the  pilot  to  fly  the  display  with  his  peripheral  vision.  This 
by-product  provides  another  significant  benefit  to  the  tactical  aircraft 
pilot  -  the  ability  to  stay  "head-up"  throughout  most  of  the  mission.  Thus 
the  pilot,  when  he  flies  his  mission,  can  look  around  with  the  same  safety 
and  confidence  as  the  car  driver  proceeding  down  a  highway.  Figure  5  shows 
the  MFPD  as  it  appear s  when  commanding  a  straight  climb. 

The  MFPD  computer  program  provides  real-time  presentations  in  both 
horisontal  situation  display  (HSD)  and  vertical  situation  display  (VSD) 
formats  simultaneously  (see  Figures  6  and  7).  The  entire  flight  plan  may  be  pro¬ 
grammed  or  reprogrammed  in  flight.  The  flight  plen,  or  en  appropriately  scaled 
eegment  of  the  flight  plan,  appear a  on  the  HSD  aa  a  plan  view  of  the  command 
couraa.  This  command  course  would  normally  overlay  a  map  of  tha  geographic 
area  Involved.  As  the  flight  proceeds,  the  flight  path  In  the  VSD  presentation 
is  generated  automatically  to  display  the  eight  thousand  feet  of  command  tra¬ 
jectory  immediately  in  front  of  the  aircraft. 

To  ensure  that  vital  velocity  (V)  end  normal  acceleration  (N)  informa¬ 
tion  la  always  displsyad  and  that,  during  dsvistiona  from  the  flight  plan, 
the  most  affective  means  of  returning  to  the  original  flight  path  ie  pre¬ 
sented,  e  feature  known  aa  the  transition  psth  is  provided  in  ths  MFPD.  In 
tKe  present  mechanisation,  a  transition  flight  path  is  gensrattd  ss  soon  as 
(gctually,  with  some  email  Intervening  delay)  the  lest  flight  path  element 
has  disappeared  from  the  VSD  end  the  aircraft  is  approximately  in  level 
flight.  Figures  8  end  9  depict  the  proceee  of  "losing"  the  flight  path. 
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FIGURE  (>.  VHP  VIEW  OF  THE  FLIGHT  PATH 


FIGURE  SIMULTANEOUS  VSD  AND  USD  VIEWS 
OF  THE  FLIGHT  PATH 


Figure  10  ahowe  the  VSD  and  HSD  apsects  of  the  transition  path  immediately 
after  its  generation.  The  VSD  presentation  shows  only  the  transition  path. 

The  HSD  presentation  shows  the  original  programmed  path  as  well  as  a  second 
offshoot  segment  which  is  tha  transition  path. 

Figure  11  shows  the  two  aspects  of  a  second  transition  path..  As  the 
pilot  continues  to  loose  each  path  from  the  VSD,  the  program  generates  a  new 
transition  path  to  guide  him  back  to  the  original  flight  path.  When  the  pilot 
turns  away  from  the  programmed  direction  of  flight  by  more  than  160  degrees, 
the  direction  of  the  transition  flight  path  will  be  reversed  automatically 
to  depict  the  "shorter  return  path".  Throughout  this  process,  only  the 
active  transition  path  la  displayed  in  the  VSD  preaentatlon.  In  the  HSD 
presentation,  only  one  transition  path  appaars  at  any  ona  time  but  tha 
original  flight  path  le  always  displayed.  Zn  this  way,  pilot  orientation 
in  tha  raal  world  is  malntalnad. 

The  present  implementation  of  tha  transition  psth  with  tha  built-in  time 
delays  was  chosen  purely  in  tha  interest  of  dsmonstratlng  the  concept.  In  an 
operational  mechanisation,  a  transition  psth  would  be  ganaratad  as  soon  as  the 
aircraft  violates  some  predetermined  "window  of  maximum  acceptable  deviation" 
about  the  flight  path  being  flown.  Such  a  window  would  not  be  dieplayad,  but 
tha  corraaponding  limits  would  be  included  in  the  MFPD  computer  program.  In 
effect,  the  window  would  be  located  about  the  flight  path  to  denote  those 
deviation  limits  beyond  which  the  V-ti  information  being  portrayed  by  the  MFPD 
presentation  no  longer  would  be  valid. 

The  present  version  of  the  KFFD  computer  program  la  the  evolutionary 
descendant  of  tha  computer  program  which  was  first  unveiled  In  tha  feasibility 
demonstration  effort.  Aa  such,  tha  program  incorporataa  all  of  tha  improve¬ 
ment's  Implemented  in  that  end  aub sequent  contract  efforts.  In  brief,  this 
latest  version  of  tha  baaic  MFFD  computer  program  may  be  described  as  in¬ 
cluding  tha  following  features) 

a.  Inflight  programmable  and  reprogrammable, 

b.  automatically  generated  aa  tha  flight  plan  is  flown, 

c.  capable  of  accepting  present  position  inputs  in  either  x,  y 
coordinates  or  lstitude  and  longituds, 

d.  partially  textured  aurfsca  (first  thrsa  flight  path  elements), 

a.  miniature  airplane  velocity  index  which  flies  in  a  plana 

parallel  to  the  flight  path  plana, 
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£.  upper  altitude  limit  depicted  by  the  velocity  index, 

g.  simultaneous  VSO  and  HSD  presentations, 

h.  transition  path  back  to  flight  plan  trajectory  automatically 
generated  when  flight  path  la  lost  from  display  field  of  view, 
and 

1.  poeition  fixing  capability. 

THE  PILOT  INTERFACE 

The  MFPD  may  be  programmed  for  any  flight  plan.  Once  programmed,  it 
will  generate  automatically  the  command  flight  path  presentation  appropriate 
for  the  particular  flight  plan  segment  than  being  flown.  Alterations  of  the 
programmed  plan  will  of  course  result  immediately  in  corresponding  changes  in 
the  MFPD.  Such  alterations  can  be  Input  to  the  computer  program  in  exactly 
the  same  manner  aa  the  flight  plan  was  programmed  Initially, 

Mode  select  switches  covering  every  phase  of  flight  will  be  required  to 
aseura  that  the  presentation  of  the  MFPD  being  displayed  at  any  time  la 
appropriate  for  the  phase  of  flight  being  flown  at  that  tims.  Thus,  for  ex¬ 
ample,  pilot  selection  of  TAKEOFF  would  produce  a  takeoff  MFPD,  and  so  on. 

In  the  cruise  mode,  for  those  aircraft  having  an  energy  management  capability, 
the  MFPD  would  command  an  altitude  and  a  speed  that  will  yield  maximum  range 
unless  one  or  both  of  those  parameters  have  been  fixed  by  the  prevailing 
mission  requirements.  Similarly,  selection  by  the  pilot  of  HOLD  (or  LOITER) 
would  result  in  commanding  maximum  endurance  conditions  on  ths  MFPD,  and 
selection  of  a  combat  mode  would  cause  the  MFPD  to  be  configured  for  minimum 
time,  energy  conservative  flight. 

It  Is  believed  that  the  general  operability  of  ths  cockpit  can  be  im¬ 
proved  even  more,  and  the  effectiveness  of  the  MFPD  enhanced  simultaneously, 
by  the  judlclouo  integration  of  all  related  control  and  switching  functions. 
For  example,  any  pilot  settings  of  flight-path-affecting  cockpit  controls  such 
as  the  HS1,  TACAN,  VOR,  ILS,  ADF,  and  INS  should  result  in  appropriate  changes 
in  the  MFPD,  It  may  also  be  advantageous  to  effect  radio  frequency  changes 
automatically  as  the  flight  modes  are  selected,  or  vies  versa,  In  short, 
the  MFPD  may  well  prove  to  be  the  long-awaited  catalyst  for  much  needed 
improvements  in  cockpit  swltchology  as  well  as  symbology. 
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CONTEMPLATED  IMPROVEMENTS  AND  EXTENSIONS 

At  la  tha  eaaa  with  any  concept  undergoing  development,  areas  of  the 
MFPD  implementation  in  need  of  further  improvement  have  boen  identified. 

The  more  prominent  of  these  areas  are  the  basic  flight  path  generation 
algorithms  end  the  behavior  of  the  velocity  index. 

The  basic  flight  path  generation  algorithms  require  further  develop¬ 
ment  to  increase  their  efficiency.  These  algorithms  transform  the  flight 
plan  inputs  of  present  position,  way  point  locations,  destination  coordi¬ 
nates,  end  anroute  altitudes  and  speeds  into  the  earth-referenced  command 
trajectory  which  la  subsequently  used  by  the  taretrip  generation  algorithms 
as  tha  basis  for  producing  tha  MFPD  prsssntatlon.  Tbs  development  of  the 
flight  path  generation  algorithms  has  continuad  undsr  ths  Northrop  1R&D 
program  and  is  raaultlng  in  ths  dsslrsd  raf inaments  to  tha  MFPD  computer 
program. 

The  present  implementation  of  the  miniature  airplane  velocity  index 
la  still  in  a  prsliminary  state  of  development  end  is  earmarked  for  further 
study  In  ths  very  near  future  to  eseure  its  complete  perceptual  compatibility 
with  ths  flight  path  prsssntatlon.  In  particular,  tha  movamant  cf  the 
valocity  index  will  ba  programmed  to  be  more  consistent  with  the  prevailing 
mode  of  flight,  lees  distracting  in  its  motion,  and  mors  discernible  in 
conveying  information  to  the  pilot.  First,  ths  velocity  index  in  the 
TAKEOFF  flight  mods  should  start  from  rest  and  lead  ths  pilot  through  the 
takeoff  and  initial  climb,  Ths  velocity  index  should  ba  similarly  appro¬ 
priate  for  every  other  mode  of  flight.  Second,  the  motion  of  the  velocity 
index  end  the  method  used  to  recycle  it  should  ba  smoothed,  clipped  end 
otherwise  altered  to  provide  e  more  natural  end  perceptually  acceptable 
portrayal  of  speed  differentials.  In  other  words,  the  littls  airplona  should 
not  fly  beck  to  a  given  point  along  tha  flight  path  and  start  its  motion  over 
again.  Finally,  tha  location  of  the  velocity  index  should  be  varied  to 
assure  that  it  la  always  clearly  visible  to  ths  pilot.  For  instance,  the 
present  velocity  index  la  clastly  visible  in  a  right  turn  but  masked  in  e 
left  turn  ee  shown  In  Figures  12  end  13.  To  avoid  such  masking,  the  little 
airplane  should  elweye  be  on  the  high  aide  of  the  turn.  One  possible  mesne 
of 'mechanizing  this  scheme  ie  to  allow  the  littls  airplane  to  fly  on  either 
aide  of  the  flight  path  during  wlnga-level  flight,  and  to  execute  a  cross¬ 
over  if  required  juat  prior  to  the  turn.  After  tha  turn,  tha  little  airplane 
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would  remain  on  that  aide  of  che  flight  path  until  required  again  to  execute 
a  crossover  in  preparation  for  a  turn  in  the  oppoaite  direction. 

The  MFPD  la  truly  a  total  syatem  integration  vehicle  in  that,  eventually, 
it  will  embody  in  ita  formulation  aluoat  every  aapect  of  the  miaaion.  The 
inclusion  of  flight  trajectory  related  KFPD  constraints  dictated  fey  con¬ 
siderations  of  vehicle  performance,  optimal  control,  navigation,  the  tactical 
oituation,  energy  maneuverability,  survivability,  fire  control  and  weapon 
delivery,  and  emergencies  can  be  foreseen  readily.  But  what  about  Informa¬ 
tion  that  la  usually  urgent  but  not  trajectory  related,  auch  as  engine  fire, 
landing  gear  status,  unsafe  stores?  It  la  believed  that  much,  if  not  all, 
of  this  status  information  can  be  incorporated  in  the  basic  KFPD  presentation. 
For  example,  the  miniature  airplane  velocity  index  can  be  used  to  depict  engine 
status  (Including  fire),  landing  gear  status,  unsafe  stores,  and  probably 
all  first  notics  vahicla  statue  data.  Since  tha  velocity  index  is  a  prominent 
element  in  the  pilot's  scan,  It  affords  an  axcallent  meant  of  providing 
additional  Information.  By  adding  apacific  pictorial  cuaa  (like,  for  example, 
the  landing  gear)  and  augmenting  those  cues  with  color  and  intensity  and  flash 
coding,  it  should  ba  possible  to  elicit  tha  proper  pilot  raaponae  quickly  and 
consistently. 

These  possible  extensions  of  the  KFPD  are  mentioned  more  in  the  interest 
of  expressing  tha  vast  potential  of  tha  display  concept  than  in  advocating 
their  early  implementation.  In  fact,  there  may  be  many  other  features  that, 
from  tha  standpoint  of  priority,  should  be  added  to  the  KFPD  before  those 
mentioned.  Nevertheless,  tha  Northrop  approach  haa  been  planned  to  ultimately 
extract  from  the  KFPD  tha  full  measure  of  ita  information  preaentation 
effectiveness. 

Any  contemplation  of  extensions  to  the  KFPD  should  recognise  that  the 
display  provides  diractor  information  primarily  and  should  ba  augmented  with 
appropriate  orientation  information.  Tha  principal  element  of  thla  orienta¬ 
tion  information  is  tha  ground  plana,  or  contact  analogue.  The  laboratory 
implementation  of  tha  KFPD  at  Northrop  includes  a  simple  ground  plane  con- 
elating  of  two  orthogonal  line  asta.  The  subjective  enhancement  of  the  MFPD 
afforded  by  tha  ground  plane  is  eignif leant.  The  Northrop  approach  alao 
includes  plana  to,  first,  augment  tha  MFPD  with  a  simple,  flat,  ground  plane 
and,  evantually,  implement  a  full  capability  VSD  preaentation  including  a 
ground  plana  with  topographical  information. 
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One  of  the  critical  tasks  a  tactical  aircraft  pilot  oust  perform  is 
energy  management.  Specifically,  the  pilot  la  required  to  fly  hla  aircraft 
to  the  point  of  engagement  in  such  s  way  that  he  enters  the  engagement  with 
as  much  fuel  aboard  as  possible.  Then,  In  the  course  of  the  engagement,  he  must 
maneuver  the  aircraft  in  the  most  energy-efficient  manner  consistent  with  a 
successful  engagement,  monitor  his  fuel  consumption,  and  braak  off  the 
engagement  v/ith  sufficient  fuel  remaining  to  return  to  base.  Finally,  he 
must  attempt  to  reach  his  base  in  the  most  fuel-efficient  manner. 

In  order  to  satisfy  these  requirements,  the  pilot  must  be  able  to  echieve 
a  "maximum  range"  condition  of  apead  and  altitude  whan  flying  anroute  to  and 
from  the  engagement,  a  "maximum  endurance"  condition  during  eny  Intervening 
loiter  or  holding  periods,  end  a  "minimum  time/ansrgy  conservative"  condition 
during  the  engagement. 

The  Maneuvering  Flight  Path  Display  (MFPD)  is  Inherently  capable  of  provid¬ 
ing  energy  Information  in  that  it  provides  for  complete  vehicle  trajectory  control, 
Including  the  vehicle's  potential  and  kinetic  energise.  Therefore,  the  MFPD 
would  serve  aa  the  primary  energy  management  display.  Specifically,  the  "command" 
end  "actual"  altitudes  (potential  energy)  and  speeds  (kinetic  energy)  ere  implicit 
in  the  MFPD  presentation.  Once  the  energy  management  computations  are  performed 
and  the  appropriate  (e.g.,  fof  "maximum  range"  or  "maximum  endurance")  "command" 
altitude  and  apeed  are  established,  those  "commend"  values  will  be  reflected  in 
the  MFPD  presentation.  Proper  response  to  the  MFPD  will  thus  assure  the  desired 
•nargy  management. 

CONCLUDING  REMARKS 

The  success  of  the  MFPD  development  to  date  and  the  consequent  maturation 
of  the  concept  has  stimulated  a  widespresd  interest  in  advancing  the  program  to 
flight  demonstration  as  quickly  as  possible.  In  light  of  this  situation,  a 
few  observations  appear  to  be  in  order. 

The  complete  development  of  the  MFPD  will  require  that  the  laboratory 
development  activity  be  continued,  that  both  aimulator  end  flight  demonatra- 
tlons  be  carried  out  progressively  to  sustain  the  development,  and  that 
operational  applications  of  the  concept  be  made  available  whan  they  become 
feasible  -  even  as  the  development  proceeds.  The  complete  development  of  the 
KFPD,  because  of  budgetary  limitations,  may  extend  over  a  protracted  period  of 
time.  Yet  even  the  relatively  simple  present  version  of  the  MFPD,  if  it  were 
available  to  the  operating  commands,  could  increase  substantially  the  opera- 
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tional  safety  and  effectiveness  of  the  users  involved.  Therefore,  the  MFPD 
should  be  made  available  operationally  as  soon  as  possible  after  itB  flight 
validation,  and  more  capable  versions  should  be  released  progressively 
thereafter . 

Simulator  demonstrations  of  the  MFPD  are  particularly  desirable  because 
the  concept  is  novel  with  no  operational  precedents  and  it,  conceivably , 
could  induce  some  adverse  coupling  effects  in  the  pilot  control  loop.  When 
abstract  symbology  is  used  in  an  aircraft  display  presentation,  it  is  customary 
to  harmonize  the  display  with  the  aircraft  involved  so  that  the  presentation 
can  be  flown  vith  relative  ease.  This  harmonization  is  effected  by  adjusting 
the  response  of  the  display  symbols  to  movements  of  the  aircraft  bo  as  to 
achieve  symbol  motions  that  are  perceptually  compatible  with  the  handling 
qualities  of  the  aircraft. 

In  a  display  presentation  such  as  the  MFPD,  which  features  and  relies  on 
one-to-one  correlation  with  the  real  world,  this  procedure  for  achieving 
control-display  compatibility  cannot  be  used.  Any  such  adjustment  of  the  MFPD 
display  presentation  would  destroy  che  required  real  world  relationship.  There¬ 
fore,  any  compensation  added  to  the  system  for  purposes  of  harmonization  must  be 
incorporated  in  the  control  augmentation  system  of  the  aircraft.  In  other 
words,  if  the  pilot  cannot  fly  his  aircraft  on  the  MFPD  without  experiencing 
pilot  induced  oscillations  (or  even  undue  difficulty  for  that  matter),  the 
handling  qualities  of  the  aircraft  must  be  adjusted,  not  the  display.  It  is 
clear  from  this  requirement  of  the  MFPD  that  man-in-loop  simulations,  in 
which  the  aircraft  dynamics  involved  are  represented  In  a  relatively  accurate 
manner,  should  precede  all  but  the  most  elementary  implementations  of  the  MFPD 
in  an  aircraft. 

Reflecting  for  a  moment  on  the  future  development  requirements  of  the 
MFPD,  it  becomes  clear  that  the  MFPD  development  must  be  complemented  in  the 
near  future  with  similar  work  on  compatible  display  concoptB.  Otherwise,  the 
full  operational  effectiveness  of  the  MFPD  itself  may  never  be  realized.  For 
example,  the  MFPD  provides  guidance  and  control  "director"  information  only. 

This  information  is  presented  in  a  "solution"  format  to  facilitate  pilot 
response  and  is  not  intended  to  replace  pilot  judgment.  In  fact,  the  effective 
application  of  the  MFPD  will  rely  on  the  active  participation  of  that  judgment. 
Thus,  the  director  Information  of  the  MFPD  must  be  supported  with  all  avail¬ 
able  "situation"  or  "orientation"  information  which  is  also  in  a  compatible 


"solution"  presentation  format.  This  supporting  information  will  anable  the 
pilot  to  maintain  hia  orientation  in  tha  real  world,  to  be  appriaed  continuously 
of  the  prevailing  tactical  aituation,  and  to  be  aware  at  all  times  of  the  state 
and  condition  of  hia  weapon  ayatea,  Enriched  with  auch  information,  the  pilot 
can  then  critically  monitor  the  aituation,  actively  update  hia  flight  plan, 
and  intelligently  execute  the  required  act Iona.  Specifically,  la  the  case 
of  the  MFPD,  he  can  knowledgeably  accept,  poatpone,  or  reject  tha  solution 
information  being  offered. 

This  need  for  a  "syatenf' approach  to  cockpit  design  can  be  appreciated 
if  one  does  not  regard  the  crew  station  as  s  separate  subeyetea  but  rather 
takes  tha  approach  that  the  cockpit  ia  simply  the  most  visible  part  of  the 
total  system.  In  other  words,  the  total  aystsm  can  be  liktned  to  an  icaberg 
and  the  crew  atetion  to  the  viaible  tip  of  that  iceberg.  Accordingly,  the 
cockpit  la  psrhaps  the  moat  eensitive  index  of  the  sophistication  and  in¬ 
tegrity  of  tha  syatem  involved.  Weapon  systems  of  the  future  will  require  crew 
ststiona  which  are  signif icantly  more  advanced  than  those  flying  today.  If  the 
MFPD  is  indeed  e  etep  in  the  right  direction,  it  must  be  remembered  that  it  is 
only  one  of  many  steps  which  will  bs  necessary  in  the  very  near  future. 
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THE  APPLICATION  OF  DIFFRACTION  OPTICS  TO 
THE  J.ANTIRN  HEAD-UP  DISPLAY 

Robert  L.  Berry 
Aeronautical  Systems  Division 
Wright-Patterson  Air  Foroe  Base,  Ohio 

ABSTRACT 

Head-Up  Displays(HUDs)  using  diffraction  optios(often  called 
"holographic  HUDa")  have  been  in  development  for  nearly  a  decade, 
seeking  to  exploit  the  potential  of  diffraction  optics  for  improved 
field  of  view,  brightness,  and  see-through  effioienoy,  But  no 
operational  HUD  has  ever  been  built  UBing  diffraction  optios,  partly 
because  of  limitations  in  head  motion  box,  overlapping  binocular  field 
of  view,  and  produoibllityi  partly  because  paot  mission  requirements  oould 
be  met  with  simpler,  oheaper,  and  proven  conventional  optios.  The  Low 
Altitude  Navigation  and  Targeting  Infrared  for  Night(LANTIRN)  program, 
however,  requires  a  field  of  view  too  large  to  be  achievable  using 
conventional  optios,  necessitating  the  ubb  of  diffraction  optioB  in 
production  quantities  for  the  first  time.  The  LANTIRN  HUD  will  ubo  new 
approaoheB  in  optical  design  and  fabrication  techniques  to  meet  the 
LANTIRN  requirements  and  overcome  the  previous  limitations  of  diffraction 
optios.  This  paper  desari bes  these  advances  in  thu  application  of 
diffraction  optios  to  HUD  teahnology.v 

)\ 

DIFFRACTION  0PTI03  IN  HUDS 

The  term  "Diffraction  Optios"  as  used  here  refers  to  any  optioal 
element  that  ubos  the  principle  of  diffraction  in  itB  workings.  Suoh  an 
element  will  have  a  fringe  pattern  that  takes  an  incoming  wavefront  and 
recreates  a  new  wavefront  heading  in  a  different  direction.  ThiB 
recreated  wavefront  may  be  either  an  exaot  reproduction  of  the  original 
(in  whioh  case  the  element  is  acting  bb  a  plane  refleotor)  or  a  modified 
version  altered  by  optioal  power.  Diffractive  optioal  elements  are 
somewhat  similar  to  holograms (often  even  palled  holograms)  both  in  their 
operation  and  manufacturing  methods,  but  diffraotive  optioal  elements  store 
optioal  properties  where  holograms  store  image  information. 

Designers  of  HUDs  have  been  looking  to  diffraction  optioB  for 
improvements  in  major  performance  oharaoteristios  with  good  reason.  For 
diffraction  optics  have  a  very  large  potential  for  suoh  improvements  as 
the  result  of  two  froperties(Figure  i) i  (1)  an  angle  of  incidence 
selectivity i  (2)  a  wavelength  selectivity.  The  angle  of  incidence 
selectivity  diotates  that  only  those  rays  arriving  from  a  narrow  range  of 
directions  will  be  reflected,  while  those  arriving  from  all  other 
directions  will  be  transmitted,  both  with  very  high  effioienoy.  Similarly, 
only  those  inoident  rays  that  fall  within  a  narrow  band  of  wavelengths  will 
be  reflected,  while  those  of  all  other  wavelengths  will  be  transmitted. 

These  two  effects  are  interrelated,  so  that  from  a  different  direotion  a 
different  wavelength  would  be  reflected.  There  are  two  other  properties 
of  dlffraotion  optics  that  are  significant  to  HUD  designi  (1)  the  ability 
to  carry  optioal  power)  (2)  the  presanoe  of  aberrations  wftioh  beoome 

increasingly  larger  as  the  angle  of  reflection  is  inoreased( especially  j 


when  optical  power  is  present) . 

In  a  conventional  HUD  design(Figure  2) ,  which  UBes  a  plate  glass  with 
partial  silvering  on  one  surface  as  the  combiner  mechanism  integrating  the 
display  with  the  outside  world  ooene ,  there  is  a  fundamental  tradeoff 
between  the  efficiencies  of  transmission  of  the  display  versus  the  outside 
world  scene  which  extends  over  the  entire  visible  spectrum.  Typioally, 
about  ?0#  of  outside  world  light  and  20#  of  display  ligit  incident  on  the 
combiner  reaches  the  pilot’s  eyes.  A  look  at  the  properties  of  diffraction 
optics  reveals  a  great  opportunity  for  improvement  hero.  For  the  cathode 
ray  tubes(CRTs)  used  to  generate  HUD  displays  use  only  a  small  portion  of 
the  spectrum,  providing  a  use  for  the  wavelength  selectivity  property.  A 
diffractive  element  designed  to  reflect  a  wavelength  band  matching  that 
of  the  CRT  phosphor  oan  be  used  as  the  oombiner,  replacing  the  silvered 
surface.  Now  the  display  versus  outside  world  soene  tradeoff  has  been 
reduced  from  the  entire  visible  spectrum  to  the  Bpectral  bandwidth  of  the 
QRT  phosphor.  This  is  especially  effective  if  a  nearly  monoohromatic 
phosphor  like  P43  is  used.  In  such  a  oase,  taking  nearly  all  of  the 
light  in  that  band  out  of  the  outside  world  scene  has  a  negligible  effeot 
(a  Blight  ooloratlon  ohange) ,  bo  that  the  tradeoff  oan  be  resolved  heavily 
in  favor  of  the  display  efficiency,  The  net  result  1b  that  both  efficiencies 
are  increased  simultaneously  by  the  use  of  a  diffractive  element, 

Conventional  HUDs  also  have  field  of  view  limitations  whioh  exist 
because  oookpit  spaoe  limitations  impose  upper  limits  on  the  size  of 
eaoh  optioal  element.  In  oookpits  suoh  as  the  A-10  and  the  F-16,  the 
element  imposing  the  most  Bevere  limitation  on  the  instantaneous  field 
of  view  is  the  collimating  lens,  whioh  is  there  to  oause  the  display  to 
appear  to  be  fooused  at  infinity  rather  than  on  the  combiner  glass.  To 
get  rid  of  this  limitation,  thlB  lens  must  be  removed  from  the  system, 
but  this  oan  be  done  only  if  the  oolllmatlon  function  is  relocated  to  the 
oombiner.  ThiB  means  a  oombiner  with  optioal  power  is  needed.  A 
diffractive  element  for  a  oombiner  oan  provide  this,  both  by  the  ability 
to  carry  intrinsic  optioal  power  and  the  facilitating  of  the  ubo  of 
curved  reflecting  elements,  where  the  curvature  provides  optioal  power. 

In  this  gay,  the  past  limitatlong  on  instantaneous  field  of  view  of 
about  20  oan  be  increased  to  30  or  more  within  the  same  space  limitations. 

Experimental  HUDs  and  separate  combiners  have  been  built  during  the 
1970s  which  substantiate  that  such  improvements  in  major  HUD  performance 
parameters  oan  be  aohieved  using  diffraotion  optics.  The  most  active 
organizations  have  been  the  Hughes  Airoraft  Company,  the  Environmental 
Research  Institute  of  Miohigan(ERIM) ,  and  Marconi  Avionics  Limited. 

Hughes  built  the  only  HUD  using  diffraotion  optics  to  be  flight  tested  to 
date.  All  of  these  have  been  in  a  configuration  similar  to  that  of  Figure 
3,  whioh  differs  from  the  conventional  HUD  only  in  the  removal  of  the 
oollimating  lens  and  the  introduction  of  the  diffraotive  element  into  the 
combiner,  whioh  has  taken  on  curvature.  Despite  these  successes,  no 
production  HUD  has  ever  used  diffraction  optios.  Why  not? 

For  one  thing,  conventional  optics  have  been  able  to  meet  all  of  the 
firm  requirements  imposed  on  HUDb  despite  the  limitations  previously  noted. 
The  larger  field  of  view  was  certainly  desired  by  pilots,  but  a  firm 
mission  requirement  for  it  was  never  demonstrated,  The  brightness  of  the 
display  waB  always  Buffiolent  for  mission  requirements,  even  if  it  was 
aohieved  by  driving  CRTs  so  lard  aB  to  account  in  large  measure  for  the 
notoriously  poor  reliability  of  HUDs.  Outside  world  soene  visibility  was 
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always  good  enough  to  got  by  with.  So  there  was  no  good  reason  to  take  on 
the  higher  cost  and  risk  of  diffraction  optics,  Also,  certain  limitations 
associated  with  diffraction  optics  in  HUDs  were  discovered, 

The  angular  selectivity  property  of  diffraction  optics  results  in  a 
limitation  on  the  range  of  positions  from  which  the  display  i3  visible. 

The  total  volume  of  positions  from  which  the  display  is  visible  1b  called 
the  hoad  motion  box.  It  can  become  significantly  smaller  than  that  for  a 
conventional  HUD  unless  a  sufficiently  large  range  of  angles  is  reflected 
by  the  diffractive  element.  This  range,  a  sort  of  angular  bandwidth,  can 
be  controlled  by  the  design  proco3s . 

Also  from  angular  selectivity  oomes  a  limitation  on  the  overlapping 
binocular  instantaneous, field, of  view(OBIFOV) ,  that  portion  of  the 
instantaneous  field  of  view(XFOV)  that  is  visible  by  both  eyes  at  once, 

In  the  Preoialon  Attaok  Enhanoement(PAE)  program,  the  small  GBIFOV  was 
found  to  be  enough  of  a  problem  to  require  corrective  action,  Again, 
sufficient  angular  bandwidth  is  needed,  A  OBIFOV  requirement  was 
included  in  the  specifications  for  the  LANTIRN  HUD  as  a  result  of  the 
PAE  problem. 

The  aberrations  associated  with  diffraction  optics  have  turned  out 
to  be  large  enough  to  reauire  oorreotlve  action  if  accuracy  and  display 
quality  requirements  are  to  be  met,  The  large  angle  of  reflection  at  the 
diffraotive  element  is  the  principal  reason  for  this,  The  usual  approach 
is  compensation  by  additional  elements  in  the  relay  lens,  These  have  been 
effective,  but  they  have  added  greatly  to  the  complexity  of  the  relay 
Ions,  often  demanding  elements  that  are  aspherio,  anamorphic,  tilted, 
or  off-center,  More  recent  effortB  have  involved  compensation  of  the 
diffraotive  element  itself  by  aberrating  the  wavefronts  of  the  beams 
of  the  exposure  process  during  manufacturing,  The  Air  Force  Avionics 
Laboratory  la  sponsoring  a  program  at  ERIM  in  which  holograms  are  used 
for  such  aberration, 

The  manufacturing  process  in  general  is  considerably  more  complicated 
for  diffraction  optics,  and  still  undergoing  refinement,  The  design 
requires  the  use  of  specialized  ray-tracing  computer  programs.  Fabrication 
requires  preparation  of  a  photosensitive  dichromated  gelatin,  coating  it 
onto  a  glass  substrate,  exposure  with  overlapping  coherent  light  beams, 
photochemical  processing,  baking,  and  finally  sealing  into  a  glass 
sandwich,  Facilities  requirements  include  stabilized  optical  benches, 
clean  rooms,  and  lasers,  Cost  is  muoh  higher  and  yield  rates  lower 
than  for  conventional  optics,  Specific  performance  problems  have  been 
traoed  to  the  manufacturing  process,  most  notably  secondary  images  caused 
by  stray  holograms  in  the  diffractive  element,  A  Manufacturing  Technology 
program  oonduoted  by  Hughes  for  the  Air  Force  Materials  Laboratory  has 
resulted  In  advances  in  the  manufacturing  process, 

So  both  laok  of  requirements  and  technology  problems  have  hindered 
the  use  of  diffraction  optios  in  operational  HUDs,  By  1980 ,  solutions 
to  the  technology  problems  had  progressed  to  the  point  that  the  technical 
risk  was  reduced  to  acceptable  levels,  All  that  remained  was  a  requirement 
that  conventional  optica  could  not  meet,  The  LANTIRN  program  provided  such 
a  requirement. 
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LANTIRN  REQUIREMENTS 


LANTIRN  is  a  navigation  and  fire  control  system  designed  primarily 
to  enhanoe  weapon  delivery  in  battlefield  interdiction  and  close  air 
support  missions.  It  is  subdivided  into  two  parts i  (l)  a  Fire  Control 
System(FCS) ,  contained  in  two  pods,  including  two  Forward  Looking 
Infrared(FLIR)  sensors,  terrain  following/avoidance  capability, 
automatic  target  recognition  and  tracking,  and  laser  designation  and 
ranging)  (2)  an  improved  HUD.  The  LANTIRN  system  will  be  installed 
on  F-16  and  A-10  aircraft,  some  of  which  will  get  only  the  HUD. 

The  LANTIRN  mission  requires  from  the  HUD  all  of  the  capabilities  of 
the  HUDs  currently  used  on  these  aircraft  plus  two  additional  onesi 
(l)  display  of  FLIR  imagery  simultaneously  vtith  the  present  Bymbology 
displayi  (2)  field  of  view  of  at  least  25  in  the  horizontal  direction, 

The  field  of  view  requirement  is  the  hard  driver,  as  it  is  well  in  excess 
of  the  20°  limitation  previously  noted  for  conventional  optica  given  A-10 
and  F-l6  oookplt  constraints.  The  need  for  diffraction  optics  haB  arrived. 

An  RFP  for  the  LANTIRN  HUD  was  released  in  February  I98O.  A  design 
using  Aiffraotion  optics  was  expected  based  on  the  field  of  view 
requirement,  but  was  not  mandated  by  the  specifications,,  The 
specifications  did  inolude  specific  requirements  to  avoid  past  problems 
with  diffraotion  optios,  suoh  as  head  motion  box  and  0BXF0V.  The  RFJ? 
called  for  a  full  scale  development  program  plus  production  options  for 
several  hundred  units  in  both  F-16  and  A-10  configurations  (which  are 
necessarily  different  beoauae  of  oookplt  constraints) , 

After  a  competitive  souroe  selection,  the  oontraot,  waB  awarded  to 
Marooni  Avionics.  The  winning  design  involved  diffraction  optios,  as 
expected.  But  it  did  not  follow  the  configuration  of  Figure  3. 

LANTIRN  HUD  DESIGN 

The  LANTIRN  HIT)  optical  configuration  as  devised  by  Marconi  Avionios 
is  shown  in  Figure  4.  The  largo,  highly  oux-ved  single  pleaa  combiner  has 
been  replaced  by  an  assembly  of  three  combiner  elements,  all  of  which  use 
diffraction  optios.  All  three  have  flat  glass  surfaces,  and  the  two  labelled 
"upper'’1  and  "rear"  have  flat  diffraotive  elements  as  well.  Only  in  the 
"forward"  oombiner  is  the  diffraotive  element  curved,  and  even  here  the 
curvature  is  considerably  reduced  from  that  of  the  single  oombiner  designs, 
The  physical  size  of  each  is  signif ioantly  smaller  than  Bingle-piece 
combiners  in  the  same  situation. 

Following  a  display  ray  traoe  through  this  combiner  assembly  is  an 
instructive  exercise.  It  first  is  reflected  from  the  upper  combiner, 
being  properly  matohed  to  its  diffraotive  element  in  angle  of  inoidence 
and  wavelength.  It  next  reaches  the  forward  oombiner  where  it  is 
transmitted,  not  reflected,  The  reason  is  that  the  angle  of  incidence  is 
not  matohed  to  the  diffraotive  element's  designed  angle  of  incidence ,  It 
next  roaches  the  rear  combiner,  where  conditions  are  right  for  a 
reflection,  and  arrives  at  the  forward  combiner  a  second  time,  This  time, 
the  angle  of  incidence  is  right  for  a  reflection.  The  ray  returns  to  the 
rear  combiner  at  a  different  angle  of  incidence  and  is  transmitted  to  the 
pilot's  eye.  The  angle  of  incidence  selectivity  has  enabled  the  display 
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ray  to  experience  both  transmission  and  reflection  at  the  forward  and 
rear  combiners, 

In  this  design,  the  angles  of  reflection  at  the  diffractive  elements 
are  much  smaller  than  they  are  for  the  single  combiner  configuration.  This 
means  reduced  aberrations  in  accordance  with  the  basic  aberration  property 
of  diffraction  optics,  The  benefit  of  this  to  the  HUD  design  is  the 
elimination  of  the  need  for  highly  complex  elements  in  the  relay  lens. 

Only  simple  lens  elements  are  needed  for  the  LANTIRN  HUD  relay  lens, 
despite  Btringent  accuracy  and  display  quality  specifications . 

The  oollimation  function  is  contained  entirely  in  the  forward  combiner. 
In  the  configuration  of  this  oombiner  there  are  available  three  sources  of 
optical  poweri  (l)  the  ourvature  of  the  diffraotivo  elementi  (2)  the 
optical  power  that  oan  be  built  into  the  diffr&otive  element)  (3;  the 
lens  action  of  the  rear  half  of  the  combiner,  The  lens  action,  which 
occurs  only  during  the  reflection  passage  of  the  display  rays(and  not 
at  all  for  outBlde  world  rays),  is  a  unique  feature  of  this  design,  and 
is  practical  only  because  of  the  Bmall  degree  of  ourvature  of  the 
diffractive  element.  Higher  ourvature  would  necessitate  an  excessive  amount 
of  glass  for  such  a  construction,  The  lens  effect  together  with  the 
curvature  of  the  diffractive  element  provides  all  the  power  needed  for  the 
oollimation,  so  that  the  diffractive  element  itself  has  no  optioal  power, 
a  feature  that  also  tends  to  reduce  aberrations. 

A  significant  result  of  all  this  is  that  the  system  has  three  elements 
that  are  much  easier  to  produae  than  the  s ingle  element  of  previous 
designs.  The  total  flatness  of  two  elements,  the  slight  ourvature  of  the 
third(and  even  for  that  one  its  external  surfaces  are  flat) ,  and  the 
absenoe  of  optioal  power  in  the  diffractive  elements  provide  produoibility 
benefits  In  many  stages  of  manufacturlng(e.g.  glass  grinding,  element 
exposure) . 

The  price  paid  for  these  gains  is  surprisingly  small,  Aside  from  the 
need  to  manufacture  and  assemble  the  three  pieces(lnstead  of  one) ,  the 
only  penalties  are  losses  in  the  display  and  outside  world  transmission 
efficiencies  caused  by  the  additional  optical  interactions. 

PRODUCTION  METHODS 

Marconi  has  introduced  several  improvements  into  the  manufacturing 
prooess,  not  all  of  which  can  be  discussed  hero.  One  of  the  most  notable 
is  in  the  exposure  of  the  diffraction  elements,  It  is  required  to  have 
overlapping  ooherent  beams  in  the  element  as  depicted  conceptually  in 
Figure  5a.  This  arrangement  Vs  not  a  practical  one,  and  early  procedures 
used  an  arrangement  similar  to  Figure  5b  to  achieve  the  same  result, 

This  arrangement  has  deficiencies,  including  severe  stabilization 
requirements,  so  that  Marconi  has  switched  to  the  back  reflection  method 
depicted  in  Figure  5c,  where  the  overlapping  beam  1b  generated 
immediately  adjacent  to  the  element.  The  need  to  maintain  the  two 
separate  beams  stabilized  with  respect  to  each  other  over  a  large  area 
has  vanished,  This  eliminates  some  optical  elements  in  addition, 
reducing  the  risk  of  exposure  flaws. 
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Additional  improvements  involve  the  exposure,  gelatin  coating,  and 
sealing  processes.  Benefits  from  these  improvements  will  include  better 
performance,  lower  cost,  increased  yield  rates,  and  greater  service  life, 

PERFORMANCE 

This  analysis  deals  with  predicted  performance,  as  the  first  IANTXRN 
HUDs  are  still  being  manufactured, 

In  the  important  area  of  field  of  view(FOV),  the  expected  results 
are  as  follows i 

P-16  Version  A-10  Version 

Total  FOV  30  n,  20W  30  H,  20.25°V 

IFOV  30  °H,  13°V  30  °H,  19°V 

OBIFOV  20°H,  18°V  20 °H,  19°V 

They  meet  all  of  the  specification  requirements  for  field  of  view  and 
exceed  some  of  them.  The  existing  HUDs  on  the  A-10  and  F- 1.6  aircraft  do 
not  oome  oIobs  to  matching  them. 

The  outaldo  world  aoene  transmission  efficiency  will  be  about  78JK. 

The  contrast  ratio  of  the  symbology  against  a  10,000  foot-lambert 
baakground  will  be  1 . 39  *  1 •  significantly  exceeding  the  specification 
requirement  of  1.2il.  These  are  also  improvements  over  the  performance 
of  existing  HUDs.  Their  achievement  demonstrates  that  the  small  losses 
in  efficiency  compared  to  the  single-pieoe  oombiner  design  will  be  no 
hindrance  to  mission  performance. 

The  HUD  will  also  meet  a  detailed  set  of  positional  aoouraoy 
requirements  ranging  from  1  to  7  milliradians  as  well  as  tight 
specifications  on  positional  and  dimensional  stability,  display  quality, 
and  Bymbol-to-raster  registration.  This  is  a  relatively  easier  achievement 
for  the  LANTIRN  HUD  because  of  the  reduoed  aberrations  in  the  three- 
piece  combiner  design. 

Design  problems  do  exist,  but  solutions  are  well  within  reach  for 
all  of  them.  Considerable  attention  has  been  given  to  solar  and. 
environmental  ef foots,  both  well  known  problem  areas  for  HUDs  with 
diffraction  optics.  Solar  effeots  oan  cause  either  background  washout 
or  bright  spots  in  the  field  of  view  in  the  manners  shown  in  Figure  6, 
Design  refinements  have  reduoed  their  level  to  the  point  that  they  are 
not  expeoted  to  pose  a  significant  threat  to  mission  performance  or 
safety.  Efforts  at  further  improvements  are  continuing, 

Diffractive  elements  oan  be  vulnerable  to  moisture,  heat,  and 
ultraviolet  radiation.  The  effeots  are  changes  in  optical 
characteristics .  Marconi  is  introducing  several  refinements  into  the 
manufacturing  process  to  minimize  these  effeots.  Testing  on  current 
samples  shows  only  negligible  effects  from  the  environments  enoountered 
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by  the  oombiners.  This  will  of  course  be  further  verified  in  qualification 
testing. 

The  use  of  the  Qockpit  Television  Sensor(GTVS)  with  the  IANTIRN  HUD 
poses  an  interesting  problem.  The  QTVS  normally  monitors  the  aoene 
looking  through  the  HUD,  symbology  and  all.  The  video  output  is  tape 
reoorded  for  ground  playbaok,  This  procedure  will  not  work  with  the 
LANTIRN  HUD)  for  if  the  QTVS  camera  is  placed  outside  the  head  motion 
box,  it  will  fail  to  see  the  symbology)  while  if  it  is  plaosd  inside  the 
head  motion  box,  it  will  interfere  with  the  pilot.  This  forces  the  use 
of  a  composite  video.  The  QTVS  oamera  is  place  to  view  only  the  outside 
world  soene.  The  symbology  is  thsn  electronioally  inserted  into  the  video 
by  the  HUD  eleotroniom.  The  trioky  part  ie  to  get  the  symbology 
accurately  registered  with  the  video .  An  alignment  procedure  if  being 
devised  to  do  this. 

STATUS 

The  design  is  nearly  oomplate  for  both  F-16  and  A- 10  versions  of  the 
LANTERN  HUD,  and  manufacturing  of  the  developmental  units  for  the  F-16 
is  underway.  The  delivery  of  the  first  unit  is  expeoted  in  early  1982. 
Qualification  and  flight  testing  will  be  oonluotad  in  1982  and  1983. 
Deliveries  of  production  units  could  begin  in  early  1984,  depending  <<n 
the  progreas  of  the  test  program.  As  many  as  608  F~i6  and  255  A- 10 
HUDs  oould  be  delivered  if  all  production  options  are  exeroised. 
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(a)  ANGLE  OF  INCIDENCE 
SELECTIVITY 


Conventional  HDD  Layout 


diffraction  element 


Figure  3  -  HDD  with  Diffraction  Optics 
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Figure  6  -  Solar  Effects 
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1. 


INTRODUCTION 


The  AFTI/F-16  program  is  divided  into  two  major  phases: 
Digital  Flight  Control  System  (DFCS)  and  Automatic  Maneuvering 
Attack  System  (AMAS) .  The  first  phase  culminates  with  the 
flight  test  of  Digital  Flight  Control  System  (DFCS)  technology 
and  the  second  phase  culminates  with  the  flight  test  of  Inte¬ 
grated  Flight  and  Fire  Control  (IFFC)  technology.  Pilot-vehicle 
interface  advancements  will  be  in  conjunction  with  the  major 
program  technologies, 

’{in  the  development  of  an  effective  pilot-vehicle  interface 
(PVI) ,  a  variety  of  configurations  muBt  be  evaluatod  in  an  oper¬ 
ational  context.  General  Dynamics  is  performing  this  iterative 
process  with  the  aid  of  the  Research  and  Engineering  Simulator., 
Initial  in-house  evaluations  were  conducted  to  establish  an 
acceptable  configuration  for  the  cockpit  and  its  multipurpose 
display  set.'"  The  in-house  evaluations  resulted  in  two  display 
mechanization  concepts  for  the  multipurpose  displays  which  were 
evaluated  by  the  AFTI/F-16  program  pilots  in  the  simulator. 

. The  primary  objective  of  the  multipurpose  display  (HPD) 
evaluation  was  to  assess  the  effectiveness  of  two  alternative 
display  mechanizations.  A  secondary  objective  of  this  test  was 
to  conduct  a  preliminary  evaluation  of  the  individual  display 
formats.  Data  obtained  during  the  evaluation  was  used  to  assess 
pilot  acceptance  of  the  AFTI/F-16  cockpit  and  to  develop  display 
formats  and  mechanization  concepts  that  improve  operational 
utility.  _ 
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advance  features. 


2.  WEAPON  SYSTEM 
CONCEPT  OVERVIEW 


The  basic  air  vehicle  of  the  AFTI/F-16  demonstrator  is  the 
Full  Scale  Development  (FSD)  F-16  single*seat  aircraft.  This 
aircraft  has  undergone  Class  II  modifications  to  accomplish  the 
changes  required  by  the  AFTI/F-16  contract.  These  changes  pri¬ 
marily  involve  electronics  and  controls,  although  significant 
structural  revision  was  necessary  for  installation  of  auxiliary 
flight  control  surfaces,  CHIN,  canards,  and  dorsal  fairing  for 
avionic  equipment.  A  list  of  equipment  and  systems  to  be  in¬ 
stalled  on  the  AFTI/F-16,  Figure  2-1,  aircraft  is  presented  in 
Table  2-1, 


2 ■ 1 2 3  COCKPIT  CONTROL  CRITERIA 

The  AFTI/F-16  control  configuration  is  defined  by  the  AFT! 
Btudies,  a  review  of  the  F-16  control  system,  and  the  AFTI/F-16 
peculiar  requirements.  A  one-button  mode  selection  of  all  sys¬ 
tems  was  a  primary  requirement  while  providing  the  pilot  the 
information  and  choices  appropriate  for  the  selected  mode  of 
operation. 

The  AFTI/F-16  control  criteria  incorporates  the  following 
features ! 

1.  One-button  (mission-phase  switches)  selection  of 
all  systems  to  provide  the  appropriate  information 
and  choices  for  the  selected  mode  of  operation. 

o  Normal 

o  Air-to-Air  Guns 
o  Air-to-Air  Missile 
o  Air-to-Rurface  Guns 
o  Air-to-Surface 

2.  Compatibility  with  the  F-16  single-switch  operations 

3.  A  means  to  effect  control  in  event  of  failures 

A.  Capability  to  reconfigure  text  overlay  and  video  underlay 
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Table  2-1  AFTI/F-16  EQUIPMENT  AND  SYSTEMS 


digital  flight  control 

SYSTEM  PHASE  _ 

1.  DUAL  MPUs 

a .  Radar 

b.  Threat  Warning 

c .  SMS 

d.  FCS  Control 

e.  Weapon  Video 


2.  HUD  (WIDE  FOV) 

3.  RADAR 

4.  RADAR  WARNING  ST STEM 

5.  BASIC  FLIGHT  INSTRUMENTS 

6.  INERTIAL  NAVIGATION  UNIT 

7.  FIRE  CONTROL  COMPUTER 

-  Direct 

-  Dive  Toss 

.  Continuously  Computed 
Impact  Point 

-  Lead  Computing  Optical 
Site 

-  Snapshoot 

-  Missiles 

8  ,  20  MM  GUN 

9.  AIM  -  9 

10.  ECM  POD  (as  required) 

11  VOICE  COMMAND 


automated  maneuvering 
attack  system  _ 

All  DFCS  Systems 

Plus 

1,  Helmet-Mounted  Sight 

2,  Sensor /Tracker  (FLIR) 

3,  IFFC  -  Air-to-Air  Guns 

-  Air-to-Surface  Guns 

-  Air-to-Surface  Bombs 
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5.  Control  of  sensors  at  the  display 

6,  Declutter  of  display  presentations 

7.  Capability  for  data-entry 

8,  Consistent  operation  in  all  modes. 

This  philosophy  accommodates  flight  control  and  control  of 
weapons,  avionics,  and  sensors.  Implementation  of  this  philosophy 
makes  use  of  the  mission-phase  switches  and  the  MPD  displays, 


2,2  MULTIPURPOSE  DISPLAYS 

There  are  two  Multipurpose  Displays  (MPD) ,  Figure  2,2-1, 
in  the  AFTI/F-16  cockpit.  Each  MPD  consists  of  a  CRT  surrounded 
by  twenty  switches;  option  select  switches  (OSS).  On  each  CRT 
any  combination  alphanumeric  characters,  moveable  symbology,  and 
external  video  can  be  displayed.  Alphanumeric  characters  can  be 
displayed  in  a  30-column  by  20-row  matrix.  The  alphanumeric  chara 
cters  consist  of  two  types,  normal  or  highlighted.  The  moveable 
symbology  set  consists  of  symbols  such  as  steering  barB ,  cursors, 
a  horizon  line,  etc.  The  external  video  options  consist  of  radar, 
FLIR,  sensor/tracker,  threat  warning,  and  weapon  displays, 


2.2,1  Interactive  MPD  Control  Operation 

The  twenty  switches  on  the  face  of  the  MPD  allow  interactive 
operation.  The  function  of  each  switch  is  determined  by  an  alph- 
numeric  label  displayed  on  the  CRT  adjacent  to  the  switch.  The 
alphanumeric  labels  may  vary  depending  on  the  display  being  pre¬ 
sented. 

There  are  three  levels  of  system  options  selectable  on  the 
MPD  (Figure  2.2-1).  Level  1  system  options  appear  at  the  bottom 
of  the  MPD.  The  following  system  options  are  available: 

o  FCR  -  Radar 

o  SMS  -  Stores  Management  Set 

o  FCS  -  Flight  Control  Systems 

o  EOF  -  Electro-Optical  Pod  (Sensor/Tracker) 

o  TW  -  Threat  Warning  System 

o  WPN  -  Electro-Optical  Weapon  (selectable  when 
an  £0  weapon  is  loaded) 
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AFTI/M6  COCKPIT  ARRANGEMENT 


2  OPTIONS 


LEVEL  1  OPTIONS 
SYSTEM  ACCESS 


When  one  of  these  system  options  is  selected,  Level  2  options 
are  automatically  displayed  at  the  top  of  the  MPD.  The  Level  2 
options  provide  control  of  the  system  operation  display  modes 
(Level  3  options).  Level  3  options  appear  along  sides  of  the  MPDS , 

In  addition  to  the  Level  1  through  3  opt  ons,  a  keyboard 
display  may  appear  on  MPDs,  Figure  2.2-2.  The  keyboard  display 
is  used  to  enter  data  for  the  Level  3  options. 


2-2.2  Display  Techniques 

Various  techniques  are  used  to  indicate  special  conditions , 
available  options,  selected  options,  or  to  provide  feedback.  These 
techniques  consist  of  the  following! 

o  Flash  -  Whenever  an  option  select  switch  (OSS  is 
depressed,  a  momentary  flash  appears  by  the  switch 
whether  a  label  is  displayed  or  not,  This  pro¬ 
vides  feedback  that  the  switch  action  was  sensed. 

o  Rotary  -  A  rotary  is  a  series  of  options  associated 
with  an  OSS.  Successive  depressions  of  the  OSS 
will  step  through  the  series  of  options.  When  the 
last  option  of  the  series  is  displayed,  the  next 
OSS  activation  will  call  the  first  option. 

o  Menu  -  A  menu  is  a  list  of  selections  that  appear 
when  there  are  too  many  selections  to  make  a 
rotary  usable,  The  selected  option  will  appear 
highlighted  along  with  the  other  options.  To 
select  an  option,  the  pilot  should  depress  the 
OSS  adjacent  to  desired  selection. 

o  X  -  X's  appear  as  place  holders  in  the  appropriate 
location  when  numeric  data  is  selectable. 

0  Highlight  -  Highlighting  is  used  to  indicate  the 
option  or  system  currently  selected.  It  is  also 
used  in  the  keyboard  display  to  indicate  the  lo* 
cation  of  the  datum  to  be  entered, 


2.2.3  Display  Mechanization 


The  two  alternative  display  mechanizations  that  were  evalu¬ 
ated  are  described  below. 

Mechanization  A,  An  initial  text  and  video  selection  for 
each  display  results  whenever  a  mission-phase  switch  is 
selected.  The  Level  1  options  allow  independent  selection 
of  text  and  video.  The  test  OSS  (option  select  switch)  is 
a  2-  or  3-position  rotary  and  the  video  OSS  is  a  4-position 
rotary.  The  four  video  switch  positions  are  V1D  (video), 

FCR  (fire  control  radar) ,  EOP  (electro-optical  pod) ,  and 
TW  (threat  warning) .  The  text  rotary  positions  are  FCS 
(flight  control  system)  and  SMS  (stores  management  set) 
when  VID  overlay  is  selected  and  FCS,  SMS,  and  SEN  (sensor) 
when  VID  is  not  selected,  Whenever  the  VID  (video)  selection 
switch  is  depressed,  the  text  rotary  is  positioned  to  SEN, 

The  keyboard  display  appears  when  an  OSS  next  to 
selectable  data  is  depressed.  The  current  data  is  then 
displayed  in  a  central  window  along  with  the  data  label, 

Upon  successful  entry  of  new  data,  the  keyboard  display 
is  automatically  replaced  by  the  parent  display  incorporating 
the  new  data. 

Mechanization  B,  An  initial  primary  and  secondary  Level  1 
selection  for  each  display  results  whenever  a  mission-phase 
switch  is  selected.  The  Initial  selections  may  be  repro¬ 
grammed  by  the  pilot,  if  desired.  The  Level  1  options  are 
selected  from  a  menu  that  appears  when  the  OSS  is  depressed 
for  the  currently  displayed  (highlighted)  option.  The 
menu  selection  allows  only  paired  text  and  video  selections 
(e.g.,  radar  text  with  radar  video).  Selection  of  a  secon¬ 
dary  Level  1  option  reconfigures  the  display  to  that  pre¬ 
sentation,  An  alternate  means  to  reconfigure  the  display 
is  the  display  option  switch  (DOS)  on  the  side-stick  con¬ 
troller.  Successive  actuation  of  the  DOS  changes  the  pre¬ 
sentation  between  the  primary  and  secondary  Level  1  options. 

The  keyboard  display  appears  when  an  OSS  next  to  selectable 
data  is  depressed.  The  current  data  is  then  displayed  in 
a  central  window  along  with  the  data  label.  Upon  successful 
entry  of  new  data  and  depression  of  the  ENTER  button,  the 
keyboard  display  is  replaced  by  the  parent  display,  incorpor¬ 
ating  the  new  data. 
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3. 


METHODOLOGY 


The  procedures  employed  in  the  AFTI/F-16  multipurpose  dis 
play  evaluation  were  designed  to  extract  the  maximum  amount'  of 
relevant  data  concerning 

1.  Selection  of  options  from  a  menu. 

2.  Selection  of  options  from  a  rotary. 

3.  Mixing  nonrelated  text  and  video, 

4.  Sequential  selection  between  two  sets  of  paired 
text  and  video, 

5.  Speed  of  display  reconfiguration. 

6.  Preselection  of  displays  and  display  options  by 
mission  phase, 

7.  Manual  and  automatic  data  entry  from  a  keyboard, 

8.  Individual  display  formats. 


3 . 1  PROCEDURES 

The  following  section  contains  the  specific  procedures  and 
experimental  design  used  for  this  evaluation.  A  total  of  six 
F-16  qualified  pilots  served  as  subjects  in  this  experiment,  In 
addition  to  their  F-16  experience,  the  pilots  had  participated 
in  previous  AFTI/F-16  simulation  evaluations. 


3.1.1  Train ing 

After  a  preflight  briefing,  the  pilot  received  hands-on 
training  with  the  display  mechanisation ,  MPD  formats,  and  mission 
specific  procedures.  The  pilot  then  flew  a  mission  profile  re¬ 
presentative  of  tho  one  used  for  data  collection.  When  the 
flying  task  was  mastered,  the  display  task  was  combined  with  the 
flying  task  and  was  continued  until  proficiency  was  reached.  The 
two  flying  tasks  are  described  below; 
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o  Scenario  1  Daytime  VFR  Fighter  Sweep  at  Medium  to 
High  Altitude 

The  pilot  completed  the  tasks  on  a  preflight  checklist, 

The  pilot,  maintained  a  tactical  spread  formation  line 
abreast  of  lead  and  about  700  feet  out,  Flight  leader 
was  at  20,000  feet  and  500  kts ,  Lead  detected  a  long- 
range  target  which  may  be  hostile.  Pilot  adjusted  his 
radar  range  as  the  target  closed,  turned  his  AIM-9L's 
to  COOL,  and  began  to  search  for  FLIR  acquisition  in 
hope  of  positive  ID.  After  adjusting  FLIR  controls,  he 
noticed  a  Master  Caution  llBt  and  associated  FLCC 
warning  light.  Pilot  checked  the  flight  control  fault 
page,  acknowledged  the  fault,  and  continued  with  FLIR 
search.  The  Missile  Launch  light  illuminated  and  the 
pilot  called  up  his  threat  warning  display. 

o  Scenario  2  -  Low-Altitude  Night  Attack  Mission 

The  pilot  completed  the  tasks  on  a  preflight  checklist, 

The  pilot  navigated  with  the  INS  to  stearpoints  at  1,000 
feet  MSL  (the  simulator's  visual  scene  will  be  turned  off) 
to  simulate  the  night  low-altitude  workload.  In  the 
approach,  the  pilot  used  hiB  radar  in  the  ground-map 
mode  with  moving  target  indicator  for  target  acquisition, 
FLIR  was  used  to  identify  radar  targets  and  for  final 
attack  tracking.  Pilot  detected  a  possible  radar  tar¬ 
get  and  adjusted  radar  range  as  target  closed.  As  the 
target  closed  to  maximum  FLIR  range,  the  pilot  began 
monitoring  the  FtlR  for  targets.  After  finding  a 
target  the  pilot  switched  the  FLIR  to  B-W,  He  then 
selected  the  WPN  display  to  replace  the  radar  display. 

The  AGM-65  was  switched  to  B-W,  Missile  Launch  light 
illuminated  and  the  pilot  called  up  his  threat  warning 
display , 


3.1-2  Data  P.un3/ Experimental  Design 

A  single  data  run  was  flown  for  each  test  condition.  A  thirty- 
second  pre-event  period  of  baseline  flying  performance  was  recorded 
before  each  •  r. sk  instruction  was  given,  The  experimenter  followed 
a  written  script  to  insure  that  each  pilot  received  the  same  in¬ 
structions  for  a  particular  task  and  mission,  All  the  experimenter's 
instructions  to  the  pilot  were  given  over  the  headset  except  for 
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those  on  the  preflight  checklist.  If  an  error  was  made,  the 
pilot  was  required  to  repeat  that  task  or  subtask.  If  the  pilot 
was  incapable  of  completing  the  task,  the  flight  was  terminated 
for  additional  training.  The  flight  resumed  with  the  task  that 
aborted  the  mission. 

The  planned  schedule  for  the  performance  of  the  specific 
tasks  is  presented  in  Table  3.1-1.  The  task  order  for  pilots  one 
through  four  is  a  balanced  Latin  square  design,  The  task  order 
for  pilots  five  and  six  uses  a  different  scheme  with  the  display 
mechanization  comparisons  confounded  with  the  effects  of  the  sce¬ 
nario  and  time,  This  construction  allowed  conclusions  to  be  drawn 
about  the  display  mechanizations,  scenarios,  and  the  ability  of 
pre-test  training  to  null  the  carry-over  effects. 


3.1.3  Post-Flight  Briefing 

A  questionnaire  designed  for  the  test  period  was  completed 
by  the  pilot  at  the  end  of  each  flight.  A  general  questionnaire 
was  administered  following  the  completion  of  all  data  flights. 

A  meeting  was  convened  in  the  Simulator  Operations  Room  after  the 
pilot  completed  the  general  questionnaire.  The  purpose  of  this 
meeting  was  to  discuss  the  conclusions  reached  by  the  pilot 
during  the  simulation. 
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TABLE  3.1-1 

SPECIFIC  TASK  SCHEDULE 
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4. 


RESULTS 


The  data  taken  from  the  experiment  were  divided  into  three 
areas  of  analysis.  The  video  tapes  were  used  to  determine  the 
times  required  to  do  each  part-task.  The  results  of  this  analysis 
is  presented  in  Table  4-1'.  The  strip  charts  permitted  calculation 
of  the  number  of  excursions  from  predetermined  criteria,  Table 
4-2.  The  results  of  this  analysis  are  presented  in  Table  4-3. 

The  qualitative  data,  questionnaires,  and  debriefing  notes  were 
analyzed  collectively. 

The  times  and  deviations  of  times  in  the  part-tasks  across 
pilots  was  statistically  analyzed  by  use  of  a  two-way  analysis 
cf  variance,  in  which  the  null  hypothesis,  Mechanization  A 
equals  Mechanization  B,  was  tested. 

The  number  of  excursions  outside  the  fixed  boundary  set  was 
first  normalized  across  pilots  by  acquiring  the  percentage  of 
time  each  pilot  was  within  the  boundary  set.  These  results  were 
then  statistically  analyzed  by  use  of  chi-square  (two-tailed) 
analysis,  in  which  the  null  hypothesis,  Mechanization  A  equals 
Mechanization  B,  was  tested. 

In  each  of  these  two  Statistical  analyses,  the  teat,  was 
shown  to  be  inconclusive.  We  believe  this  was  due  in  part  to 
two  factors.  The  first  being  the  small  sample  size  of  our 
subjects  (5),  and  therefore,  the  small  number  of  degrees  of 
freedom  in  the  statistical  analysis.  The  small  number  of  pilots 
did  not  allow  the  intersubject  variability,  which  in  our  case 
was  very  large  due  to  the  difference  in  background  (NASA,  AFFTC, 
and  NAVY  pilots)  and  experience,  to  wash  out,  The  second  reason 
for  inconclusive  quantitative  results  was  the  Bmall  amount  of 
time  (15  seconds)  allowed  each  subject  between  each  part-task. 

A  close  analysis  of  the  data  showed  that  after  es,ch  part-task 
there  were  substantial  amounts  of  carry-over  effects,  and  by 
not  allowing  enough  time  between  part-tasks,  these  effects  in¬ 
terfered  with  the  next  part-task  in  both  the  flying  and  task 
performance  parameters.  This  carry-over  effect  was  only  ob¬ 
served  in  the  part-task  that,  involved  multiple  pilot  actions, 
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CRITERION  FOR  EACH  SCENARIO 


Table  4-3 


TOTAL  NUMBER  OF  TIMES  EACH  PILOT  EXCEED  CRITERIA 


Scenario  1 
Pilot  1 
Pilot  2 
Pilot  3 
Pilot  4 
Pilot  5 
Pilot  6 


Mech  A 
14 
14 

4 

5 
7 

19 


Mach  B 
11 
6 
2 

12 

16 

19 


Scenario  2 
Pilot  1 
Pilot  2 
Pilot  3 
Pilot  4 
Pilot  5 
Pilot  6 


14 

1 

0 

12 

1 

14 
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5. 


CONCLUSIONS 


Due  to  the  inconclusive  results  of  the  quantitative  data, 
conclusions  were  drawin  on  the  basis  of  the  qualitative  re¬ 
sults,  The  following  conclusions  were  derived  from  bcth  the 
questionnaires  and  each  of  the  pilot  debriefings. 

1.  Menu  selection  was  preferred  over  rotary  selection 
because  all  options  are  displayed  at  once.  A  rotary 
was  judged  useful  when  the  number  of  options  was 
limited  to  three  or  less. 

2.  Sequential  selection  between  primary  and  secondary 
text  and  video  displays  is  preferable  to  mixing 
unrelated  text  and  video  displays.  This  was  con¬ 
cluded  because  an  unrelated  text  display  may  mask 
or  clutter  a  video  display  and  Bensor  control  may 
be  lost  during  this  time.  It  may  be  possible  to 
mix  an  unrelated  text  display  with  a  video  display 
if  sensor  control  is  present. 

3.  When  access  to  more  than  two  video  presentations  on 
two  MPDs  is  desired,  Mechanization  B  was  preferred. 

This  conclusion  would  have  to  be  reconsidered  pending 
the  addition  of  different  types  of  video  displays 
(i.e.,  terrain  following). 

4.  Preselection  of' displays  and  display  options  by  mission 
phase  was  desired.  This  was  due  to  the  reduction  of 
pilot  workload  during  high-stress  periods.  The  pro¬ 
cedure  for  preselection  of  displays  (primary  and  secon¬ 
dary  options  were  selected  separately)  was  confusing 
and  should  be  redesigned.  The  preflight  task  times 

for  Mechanization  B  appear  to  support  this  conclusion. 

5.  The  consensus  was  that  manual  entry  using  a  keyboard 
display  was  preferred  to  automatic  entry  due  to 
verification  of  the  final  digit  to  be  entered;  however, 
automatic  entry  in  a  high-stress  situation  was  con¬ 
sidered  to  have  merit. 

6.  The  display  option  switch  (DOS)  on  the  side-stick 
controller  was  considered  very  desirable  due  to  its 
hands-on-the-controls  capability.  There  was  some 
concern  with  the  DOS  in  that  the  switch  operation 
was  not  intuitively  obvious. 
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7.  Display  of  the  CCV  (decoupled)  engagement  status  by 
changing  the  schedules  in  the  FCS  base  page  windows 
was  not  easily  interpreted  and  was  determined  to  be 
inadequate . 

8.  Preselection  of  the  FCS  decoupled  options  and 
authorities  was  identified  as  needing  improvement. 

9.  Pilot  performance  and  comments  during  training  indi¬ 
cated  that  the  nomenclature  used  to  describe  the 
aircraft's  capabilities  needs  to  be  standardized  across 
all  systems.  The  most  confusion  existed  when  AAM  and 
NAV  mission  phases  were  selected. 

When  the  AAM  mission-phase  switch  1b 
depressed,  the  flight  control  system 
does  not  have  a  specified  AAM  mode  so, 
therefore,  AAG  mode  is  shown. 

When  the  WAV  mission  phase  switch  is 
depressed  the  flight  control  system 
does  not  have  a  WAV  mode  but  uses 
NORM,  and  the  SMS  uses  STBY . 

The  conclusions  from  this  experiment  were  reviewed,  and  it 
was  decided  that  Mechanization  B  with  alterations  should  be  used. 
The  alterations  included  making  use  of  manual  entry  for  all  key¬ 
board  tasks.  A  menu  selection  will  be  used  at  all  times  except 
when  the  options  available  are  three  or  less;  then  a  rotary  selec¬ 
tion  will  be  used.  Another  capability  added  to  this  mechanization 
was  the  use  of  a  "swap"  feature.  This  is  a  Level  1  option  that 
when  depressed  on  one  MFD  would  replace  both  the  primary  and 
secondary  Level  1  options  from  that  MPD  with  the  primary  and 
secondary  options  from  the  other  MPD,  This  effectively  gives 
access  through  one  MPD,  four  Level  1  options  with  one  button 
selection . 

Even  with  a  superior  MPD  mechanization,  effective  control 
of  the  avionics  also  places  demands  upon  the  single-seat  fighter 
pilot's  hands  and  eyes,  In  the  AFTI/F-16  program  an  attempt  is 
being  made  to  alleviate  the  situation  by  the  use  of  a  voice 
command  system  as  an  alternate  method  of  achieving  „vntrol  inter¬ 
action  between  the  pilot  and  the  weapon  system. 
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To  validate  this  concept,  three  fundamental  questions  are 
addressed:  (1)  Is  the  use  of  voice  command  a  viable  alternative 

to  the  more  traditional  methods?  (2)  Assuming  that  voice 
command  is  viable,  which  functions  best  lend  themselves  to  this 
approach  and  offer  the  highest  payoff  in  terms  of  overall  weapon 
system  performance?  (3)  Can  the  voice  recognition  technology 
base  be  extended  sufficiently  to  provide  reliable  operation  in 
the  stringent  combat  aircraft  environment?  These  questions  are 
now  being  systematically  answered  through  laboratory  testing, 
man- in- the -loop  simulation  testing,  and  ultimately  flight  testing. 
For  phase  one  (DFCS)  flight  testing,  the  voice  control  system 
is  mechanized  to  provide  complete  voice  command  control  of  the 
MPDs  by  assigning  a  voice  command  word  for  each  switch  on  the 
MPD.  This  allows  control  of  the  SMS,  FCS,  and  video  selection, 

The  four  mission-phase  buttons  will  also  be  mechanized  with  the 
voice  control  system. 

In  recent  years,  advancements  in  technology  have  made  it 
possible  to  perform  more  functions  in  an  ever  decreasing 
cockpit  space.  Increases  in  system  complexity  have  created  a 
high-workload  situation  for  the  single-seat  multi-role  fighter 
pilot.  With  the  use  of  an  advanced  MPD  mechanization,  (four 
system  displays  within  one-button  selection) ,  mission-phase 
buttons  that  can  be  task  tailored  to  each  individual  pilot  and 
situation,  and  a  fully  integrated  voice-control  system  that 
compliments  the  previous  two  mechanizations,  the  AFTI/F-16 
pilots  will  have  an  environment  of  decreased  workload  and  a 
greater  situation  awareness . 
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INTRODUCTION 


Monochrome  electronic  displays  already  form  an  essential  part  of  the 
equipment  installation  of  many  types  of  military  aircraft.  Colour  weather 
radar  displays  are  now  widely  available  for  commercial  use,  and  flight 
and  systems  information  displays  using  colour  cathode  ray  tubes  (CRTs) 
are  under  development  for  several  new  transport  aircraft.  It  is  probable 
that  displays  of  this  type  will  form  the  basis  of  both  military  and  civil 
airborne  displays  systems. 

Although  much  effort  is  being  devoted  to  the  development  of  various  types 
of  flat-panel  displays,  primarily  for  use  in  domestic  television  receivers, 
it  is  likely  to  be  many  years  before  any  such  display  device  is  developed 
to  a  stage  where  it  can  compete  with  the  colour  CRT  in  brightness,  contrast, 
resolution,  colour  capability,  and  ease  of  addressing.  Consequently,  this 
paper  will  be  confined  to  a  discussion  of  CRT  displays,  although  it  is 
likely  that  for  certain  limited  applications,  where  only  alpha-numeric 
characters  have  to  be  displayed,  matrix  displays  may  come  into  use, 
particularly  if  there  is  no  requirement  for  colour. 

Until  recently,  CRTs  capable  of  meeting  the  environmental  requirements  for 
airborne  display  devices  were  only  able  to  produce  monochrome  displays,  or 
by  the  use  of  the  penetration  phosphor  technique,  a  limited  range  of  colour. 
In  the  case  of  monochrome  tubes  a  number  of  methodB  of  generating  displays 
have  been  used,  from  the  various  types  of  raster  used  for  radar  to  the 
cursive  (or  stroke-written)  generation  used  for  head-up  displays  (HUDs) . 

The  former  gave  a  display  which  was  frequently  too  dim  to  see  in  bright 
daylight  conditions  without  the  use  of  a  mask  to  exclude  ambient  light. 

The  use  of  cursive  generation  enables  very  bright  displays  to  be  produced) 
these  are  obviously  necessary  for  HUD  applications,  to  ensure  that  the 
display  can  be  seen  against  bright  outside  world  backgrounds.  Penetration 
tubes  have  generally  used  cursive  generation,  in  the  interests  of  minimising 
EHT  switching  complexity  and  of  producing  the  brightest  possible  display) 
the  maximum  brightness  which  can  be  produced  by  this  type  of  CRT  is 
generally  less  than  that  obtainable  with  a  monochrome  tube. 

During  the  last  few  years  rapid  developments  in  CRT  technology  have 
occurred,  and  these  have  led  to  the  development  of  high  brightness  mono¬ 
chrome  tubes  capable  of  meeting  military  environmental  requirements  fully. 
Rugged  shadow  mask  tubes  have  also  been  developed  which  are  robust  enough 
to  meet  at  least  the  requirements  for  transport  aircraft,  and  are  likely 
to  prove  capable  of  use  in  combat  aircraft;  such  tubes  provide  a  full 
range  of  colour . 

Although  the  possibility  of  using  monochrome  CRTs  for  flight  information 
displays  has  been  discussed  for  many  years  in  the  context  of  transport 
aircraft  operations,  and  much  experimental  work  has  been  done  in  this  area, 
the  advent  of  colour  displays  haB  brought  about  a  rapid  swing  in  pilot 
opinion  to  the  view  that  a  full  colour  capability  is  essential  when  CRT 
displays  are  proposed  as  a  replacement  for  conventional  instruments. 

Among  pilots  who  have  become  thoroughly  familiar  with  what  the  new 
technology  can  offer,  the  view  is  already  being  expressed  that,  except 
in  the  standby  role,  conventional  flight  and  navigation  instruments  are 
obsolescent,  as  far  as  large  transport  aircraft  are  concerned. 
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CURRENT  ELECTRONIC  COLOUR  DISPLAY  ACTIVITIES 


Three  typos  of  commercial  transport  aircraft  being  built  at  present  will 
go  into  service  in  the  next  few  years  with  a  significant  amount  of  flight, 
navigation,  systems,  and  warning  information  provided  by  colour  CRT  displays. 
There  arc  two  main  reasons  for  the  move  away  from  conventional  instruments; 
firstly,  the  cost  of  procuring  and  maintaining  electronic  equipment  is 
decreasing  relative  to  that  involved  in  the  case  of  complex  electro-mechanical 
devices,  because  of  the  high  level  of  labour  with  specialised  skills  which 
those  require;  secondly,  the  use  of  electronic  displays  for  navigational 
information  makes  it  possible  to  provide  the  crew  with  moving  map  displays 
on  which  can  be  superimposed  the  weather  radar  Information,  and  this  has 
opera t lonal  advantages  as  well  as  possibly  obviating  the  need  for  a 
dedicated  weather  radar  display. 

The  electronic  displays  now  being  used  for  flight  and  navigational  information 
form  substitutes  for  the  conventional  attitude  director  indicators  fADIs) 
and  horizontal  situation  indicators  (HSIs) i  air  data  and  other  flight 
information  are  being  displayed  conventionally.  The  sizes  adopted  for 
the  electronic  ADI  (KADI)  and  HSI  (EHSI)  are  such  that  the  conventional 
lay-out  of  the  transport  aircraft  panel  (with  the  ADI  situated  above  the 
HSI)  can  be  retained.  Figure  1  shows  the  layout  of  a  typical  panel  U3ing 
this  configuration. 

It  is  interesting  to  note  that  in  one  of  the  current  aircraft  programmes, 
the  primary  display  of  airspeed  and  Mach  number  has  already  found  its  way 
into  the  EADI,  because  of  the  various  advantages  offered  by  the  flexibility 
of  the  CRT.  In  this  aircraft,  a  conventional  airspeed  indicator  is 
retained  in  its  usual  position  in  the  panel,  but  is  used  only  as  a  standby 
instrument . 

In  the  areas  of  systems  and  warning  ir , ormation  the  current  aircraft  projects 
use  CRT  display  in  slightly  differing  ways,  but  in  general,  one  display  is 
used  in  conjunction  with  a  number  of  conventional  indicators,  to  present 
the  information  required  for  control  and  monitoring  of  engines  and  aircraft 
systems  such  as  electrical  supply,  hydraulics,  pressurl sation,  etc.  whilst 
the  other  CRT  displays  cautions  and  alerting  messages.  This  second 
electronic  display  is  backed  up  by  conventional  warning  lights  and  audio 
signals. 

It  is  clear  that  these  display  systems  still  use  conventional  instrumentation 
for  a  considerable  proportion  of  the  total  information,  end  considering 
the  problems  in  gaining  certification  and  pilot  acceptance  which  might 
have  arisen  if  an  attempt  had  been  made  to  proceed  directly  to  a  full 
electronic  display  system,  it  is  not  surprising  that  developments  have 
occurred  in  this  way. 

However,  on  an  experimental  basis,  work  started  nearly  ten  years  ago  on  a 
programme  aimed  at  investigating  the  feasibility  and  desirability  of 
replacing  virtually  all  the  conventional  instruments  on  the  flight  deck 
of  a  transport  aircraft  with  CRT  displays,  retaining  only  the  instruments 
required  for  standby  purposes.  This  work  was  carried  out  at  the  British 
Aerospace  plant  at  Wevbridge,  England,  and  led  to  the  construction  of  a 
flight  deck  simulator  which  was  equipped  with  seven  monochrome  CRTs, 
providing  raster-generated  displays.  Of  these,  two  displays  in  front 
of  each  pilot  provided  primary  flight  and  navigational  information,  and 
three  units  in  the  centre  panel  supplied  engine,  systems,  and  warning 
information.  Because  of  the  size  of  the  displays  (approximately 
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6  In  x  6  in)  it  was  necessary  to  install  the  primary  flight  display 
(PFD  -  attitude,  air  data  and  heading  scale)  and  navigation  display 
(ND  -  compass  display  or  electronic  map  and  radar)  side-by-side,  instead 
of  in  the  conventional  positions  with  the  PFD  above  the  ND.  Pilot 
acceptance  of  this  configuration,  with  its  consequent  modification  to 
the  normal  scan  pattern,  was  one  of  the  aspects  of  the  display  system 
subjected  to  a  particularly  close  scrutiny  during  the  trials  in  the 
simulator . 

As  a  result  of  providing  a  full  range  of  CRT  displays,  with  their  inherent 
flexibility  of  Information  content,  it  proved  possible  to  configure  the 
simulated  flight  deck  bo  that  all  controls  and  displays  were  within  the 
reach  of  the  two  pilots,  and  the  Flight  Engineer's  station  was  eliminated. 

The  resulting  workload  on  the  pilots  was  another  subject  of  cIobo  scrutiny. 

The  result  of  extensive  trials  in  the  simulator  was  that  there  w»b  general 
agreement  that  the  basic  concept  of  thiB  type  of  display  system  and  flight 
deck  lay-out  was  sound  (though  it  was  generally  felt  that  only  two  systems 
displays  (SDs)  were  required),  that  the  side-by-side  positioning  of  the 
PFD  and  ND  posed  no  particular  problems  to  the  pilots,  and  that  the 
technical  feasibility  of  operating  a  large  transport  aircraft  with  a 
two-man  crew  was  established. 

The  next  stage  of  the  development  of  the  Advanced  Flight  Deck  was  to  confirm 
the  results  of  the  simulator  experiments  with  flight  trials,  and  it  was 
agreed  that  a  BAe  1-11  aircraft  operated  by  the  United  Kingdom  Ministry 
of  Defence  at  the  Royal  Aircraft  Establishment,  Bedford,  England,  should 
be  used  for  this  purpose.  It  was  originally  proposed  that  the  displays 
should  be  raster-generated  on  monochrome  CRTs,  giving  close  similarity  with 
those  used  in  the  simulator,  but  during  the  early  stages  of  the  development, 
of  the  flight  trials  hardware,  rugged  shadow-mask  colour  CRTs  became 
available,  and  it  was  deaided  that,  the  final  installation  must  incorporate 
tubes  of  that  type.  The  monochrome  displays  were  completed,  and  used 
for  checking  out  the  aircraft  installation  and  for  initial  flying,  but  the 
system  was  designed  so  that  display  units  could  be  changed,  and  so  that 
minimum  modifications  to  symbol  generators  would  be  necessary,  as  soon 
as  colour  display  hardware  was  available. 

Consideration  of  the  possibility  of  reducing  the  number  of  CRTs  in  a 
complete  system  to  six  (two  PFDs,  two  NDs,  and  two  SDs)  led  to  the 
proposal  for  a  panel  lay-out  of  the  form  shown  in  Figure  2,  enabling  the 
display  unit  size  to  be  increased  to  8  in  x  8  in.  For  the  first  stage 
of  the  flight  trialB  programme,  only  the  PFD  and  ND  at  the  Captain's 
position  are  installed,  the  existing  instrumentation  being  retained  at 
the  First  Officer's  position  and  in  the  centre  panel. 

Figure  3  shows  a  block  diagram  of  the  experimental  installation  in  the 
BAE  1-11.  Being  a  relatively  old  aircraft,  it  is  equipped  with  a  very 
varied  collection  of  sensors  which  supply  data  in  a  wide  variety  of 
formats,  and  a  separate  interface  unit  has  been  provided,  to  accept  all 
the  sensor  signals  and  convert  them  to  the  serial  digital  format 
(ARINC  429)  required  for  the  input  to  the  symbol  generators;  this  unit 
would  not  be  required  in  a  modern  aircraft,  in  which  the  interfacing  would 
be  accommodated  within  the  symbol  generators.  One  symbol  generator  drives 
the  PFD  and  the  other  drives  the  ND,  but  each  symbol  generator  has  the 
ability  to  drive  both  displays,  if  necessary,  and  the  full  display 
capability  is  retained  even  if  one  generator  fails. 
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An  external  core-Btore  and  a  paper  tape  reader  are  provided  so  that  changes 
in  display  formats  can  be  made  during  the  flight  trials,  without  removing 
the  equipment  from  the  aircraft.  Interfacing  with  a  general  purpose 
computer  in  the  aircraft  is  provided  to  enable  the  display  system  to  be 
used  in  conjunction  with  an  area  navigation  system  being  used  in  concurrent 
flight  trials. 

Operation  of  the  aircraft  with  monochrome  display  units  started  in  1960, 
and  the  colour  displays  will  be  in  use  in  the  Summer  of  1981, 

DISPLAY  SYSTEM  CONFIGURATION 

An  advanced  flight  deck  display  system  can  be  configured  in  a  number  of 
different  ways,  depending  on  the  performance  capability  of  the  individual 
units  of  the  system  and  on  the  scale  of  redundancy  required.  A  typical 
architecture  for  the  flight  and  navigation  information  subsystem  in  a 
transport  aircraft  is  shown  in  Figure  4.  This  is  based  on  Symbol 
Generator  Units  (SGUs)  capable  of  accepting  multiple  data  inputs  from 
the  aircraft  sensors  and  able  to  generate  two  separate  display  formats 
(PFD  and  ND)  simultaneously.  The  display  units  are  each  capable  of 
accepting  inputs  from  either  of  two  SGUs.  Discrete  signals  from  the 
pilots'  control  panels  (PI  CP  and  P2  CP)  select  the  data  source  to  be  used 
by  earh  SGU,  and  the  SGU  to  provide  the  display  data  for  sach  display  unit. 

This  system  configuration  provides  maintenance  of  full  display  facilities 
after  the  failure  of  a  SOU  or  of  a  data  source,  and  leaves  each  pilot  with 
access  to  all  display  data,  by  time  sharing,  after  a  CRT  failure. 

Figure  5  shows  a  possible  configuration  for  the  systems  and  warning  displays, 
in  which  each  SGU  normally  drives  one  display  unit  but  is  capable  of 
driving  both  in  the  event  of  failure  of  the  other  SGU.  The  arrangement 
of  the  inputs  to  the  SGUs  depends  very  much  on  the  particular  form  of 
warning  eystem  adopted  for  the  aircraft,  but  is  likely  to  involve  warning 
computers  which  provide  outputs  to  both  SGUb.  Engine  and  systems 
Information  is  likely  to  come  via  data  converters  which  change  the  large 
number  of  separate  senBor  signals  to  a  common  serial  digital  data  format. 

ft  is  clear  that  the  systems  configurations  depicted  in  Figures  4  and  5 
are  only  appropriate  to  aircraft  with  twin,  near-identical  display  systems, 
such  as  are  normally  used  in  transport  aircraft.  In  a  military  combat 
aircraft,  similar  display  system  integrity  would  be  achieved  by  the 
provision  of  multiple  Bymbol  generators,  and  by  the  facility  to  transfer 
data  from  one  display  to  another  in  the  event  of  failure  of  a  CRT  or  its 
associated  circuits. 

UNITS  OF  ELECTRONIC  DISPLAY  SYSTEM 
General 

Display  system  hardware  currently  being  proposed  for  military  transport 
aircraft  applications  is  generally  designed  to  conform  to  the  civil 
requirements  defined  by  ARINC  Characteristic  725.  ThiB  lays  down  interface 
and  equipment  form-factor  requirements  based  on  the  current  state-of-the-art, 
and  it  may  require  amendment  in  the  light  of  future  developments.  At 
present,  it  leads  to  a  useful  degree  of  standardisation  of  equipment  without 
inhibiting  developments  required  for  specifically  military  applications. 
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Display  Unit 


For  the  flight  trials  In  the  3Ae  1-11  aircraft  described  above,  display 
units  designated  Form  Factor  'D'  in  AH INC  725  are  used.  These  units 
have  overall  dimensions  of  8  in  x  8  in  x  14  in,  and  incorporate  a  CRT 
which  provides  an  active  display  area  of  6.5  in  x  6.5  in.  For  installations 
requiring  smaller  display  units,  other  sizes,  such  as  ARINC  Form  Factor  'c' 
6.25  in  x  6.25  in  x  14  in,  giving  an  active  display  area  of  5  in  x  5  in 
are  available. 

The  rugged  shadow-mask  tube  used  in  these  display  units  typically  have 
a  resolution  of  approximately  76  colour  triads  per  inch  (about  three 
times  the  resolution  of  the  tuLe  in  a  domestic  television  receiver),  each 
colour  dot  being  approximately  0.004  inch  in  diameter.  The  interstices 
of  the  screen  ars  normally  matt  black,  giving  a  low  reflectivity  to 
ambient  light,  and  therefore  improving  the  contrast  of  the  display.  Further 
contrast  enhancement  may  be  provided  by  an  externally-mounted  filter.  Both 
delta  and  in-line  electron  gun  configurations  have  been  used  for  these  CRTs? 
the  in-line  arrangement  is  generally  accepted  as  enabling  simpler  methods 
of  convergence  correction  to  be  used,  and  giving  better  Bpot  definition. 

Figure  6  shows  a  bloak  diagram  of  a  typical  display  unit.  It  has  provision 
for  dual  deflection,  video  and  chrominance  inputs,  to  allow  for  connection 
to  two  separate  SGUs,  and  selection  between  the  two  is  by  means  of  a 
discrete  from  the  PCP.  The  deflection  signals  are  shaped  to  provide  the 
necessary  screen  geometry  correction,  and  are  fed  to  the  deflection 
amplifiers.  When  operating  in  raster  mode  (for  radar  display,  for  example) 
an  energy  reoovery  circuit  is  switched  into  operation,  providing  fast  fly¬ 
back  for  the  appropriate  deflection  signal  with  minimum  power  penalty, 
Convergence  correction  io  derived  from  the  deflection  signals  via  a  matrix, 
and  operates  on  the  convergence  yoke  of  the  CRT.  Writing  speeds  of 
approximately  0.04  in/microaecond  in  stroke  writing  and  0.12  in/miorc»acond 
in  raster,  are  achieved. 

Video  end  chrominance  signals  are  fed  to  a  microprocessor,  together  with 
inputs  from  a  display  brightness  control  on  the  PCP  and  from  ambient  light 
sensors  fitted  on  the  front  of  the  display  unit  case.  The  microprocessor 
controls  the  operation  of  colour  selection  and  video  drive  circuits.  A 
phosphor  protection  system  is  provided,  which  blanks  the  display  in  the 
event  of  faults  such  as  failure  of  the  deflection  system,  which  '«uld 
otherwise  bo  likely  to  result  in  burning  of  the  screen. 

All  the  power  supplies  required  in  the  display  unit  are  derived  from  the 
aircraft  115  V  400  Hz  single  phase  supply.  The  power  dissipation  is 
typically  in  the  region  of  100  W,  and  provision  is  made  for  cooling  by 
means  of  air  which  is  arranged  to  circulate  round  the  CRT  neck  components 
and  the  electronic  circuit  blocks  grouped  in  that  region. 

Symbol  Generator  Unit 

Figure  7  showB  a  block  diagram  of  a  typical  SOU.  For  the  civil  market, 
such  a  unit  is  contained  in  a  6  MCU  case  as  defined  by  ARINC  600,  with 
overall  dimensions  7.5  in  wide  x  7.64  in  high  x  12.5  in  long.  It  has 
provi  lion  for  forced  cooling,  and  dissipates  approximately  110  W.  The 
macs  of  the  unit  is  less  than  10  kg.  Alternative  modes  of  packaging  the 
unit  could  be  developed  to  meet  the  particular  installation  requirements 
of  combat  aircraft. 
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Provision  is  made  for  dual  inputs  of  data  in  each  of  three  formats  -  serial 
digital  (ARINC  429),  discrete  Bignals,  and  high  speed  digital  data  from  weather 
radar  equipment.  Selection  between  the  dual  inputs  is  made  by  means  of 
discrete  signals  from  the  PCP.  The  digital  Inputs  are  decoded  and  checked 
for  transmission  integrity  and  are  then  loaded  into  a  buffer  store*  the 
processor  extracts  the  information  from  the  store  and  manipulates  it  into  a 
form  suitable  to  drive  the  vector  generator.  Deflection  and  bright-up  signals, 
together  with  colour  descriptions  for  the  symbols  in  the  cursive  part  of  the 
displays,  ara  produced  by  the  vector  generator,  which  also  generates  the  outline 
of  the  sky/ground  shading  of  the  PFD  and  writeB  it  into  the  flight  display 
video  memory. 

The  selected  weather  radar  input  is  decoded  and  passed  to  a  processor,  where 
it  is  converted  from  the  polar  co-ordinate  form  in  which  it  is  transmitted 
to  the  cartesian  form  in  which  it  is  displayed,  and  is  also  scaled  and  combined 
with  aircraft  hoading  and  groundspeed  data,  and  stored  in  the  navigation 
display  vidso  memory. 

The  digital  outputs  from  the  vector  generator  and  the  two  video  memories  are 
time  multiplexed  to  produce  the  flight  and  navigation  displays.  Two  buffered 
outputs  of  each  display  format  are  provided,  so  that  it  is  possible  to  drive 
four  display  units  (in  two  pairs)  from  a  single  SUU. 

The  cursive  symbology  in  the  displays  is  refreshed  at  BO  He,  and  the  2  t  1 
interlaced  raster  used  for  the  sky^g round  shading  in  the  PFD  and  weather  radar 
overlay  in  the  NO  is  refreshed  at  40/80  Hr .  Cursiva  symbology  ean  be  called  up 
in  any  one  of  fifteen  colours,  and  raster  areas  of  the  displays  In  seven  colours. 

Pilots1  Control  Panels 

The  form  of  aontrol  panel  used  in  an  electronic  display  system  depends  upon 
the  particular  system  configuration  which  is  used,  but  certain  functions  are 
necessary  for  all  types  of  system.  These  inolude  controls  for  overall 
display  brightness,  brightness  balance  between  cursive  and  raster  parts  of 
display,  map/compass  rose,  map  scale  and  radar  range,  radar  on/off,  decision 
height  selector,  and  taBt  mode. 

DISPLAY  FORMATS 
General 

Much  ground-based  work  to  establish  optimum  display  formats  for  transport  aircraft 
operations  hat  already  been  carried  out  in  a  variety  of  simulators,  but  there 
exists  a  relatively  small  amount  of  experience  in  the  use  of  colour  CRT  displays 
actually  in  flight.  It  is  to  be  expected  that  as  flight  experience  builds  up, 
scene  modifications  to  display  content  and  to  the  shape  and  colour  of  symbols 
may  be  required.  It  is  at  the  same  time  the  great  advantage  of  an  electronic 
display  system  (to  the  operator)  and  the  great  disadvantage  (to  the  hard-pressed 
engineer)  that  such  changes  can  he  effected  late  in  the  development  of  a  system 
without  disastrous  costs  for  re-design  and  re-installation  of  hardware. 

The  total  amount  of  information  in  each  display  clearly  depends  on  the  area 
available,  and  as  has  already  been  stated,  the  relatively  Bmall  display 
shortly  going  into  service  in  commercial  aircraft  have  to  be  supported  by  a 
significant  number  of  conventional  instruments,  whereas  the  large  displays 
being  evaluated  in  the  BAe  1-11  aircraft  require  only  a  small  number  of  stand-by 
instruments. 

Primary  Flight  Display 

The  format  used  in  the  8  in  x  8  in  display  in  the  BAe  1-11  is  shown  in 
Figure  8.  This  shows  how  the  basic  T-conf iguraticn  familiar  to  all 
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transport  aircraft  pilot*  ia  provided,  although  tha  full  navigation  display 
ia  located  at  tha  aid#  of  tha  PFD  rathar  than  below  it.  Tha  forms  of  tha 
individual  parts  of  tha  display  have  deliberately  been  made  to  resemble 
those  of  conventional  instruments,  to  minimise  the  familiarisation  period 
for  pilots  transferring  to  tha  new  display  system.  At  the  same  time,  a 
number  of  features  are  provided  which  are  only  possible  because  of  the 
flexibility  of  the  CRT  display.  These  include  a  full  range,  single  scale, 
single  pointer  airspeed  indicator,  with  a  sensitivity  of  100  kt  per  revolution 
of  the  pointer,  limit  speed  data  which  are  only  in  view  during  the  appropriate 
phase  of  t.he  flight,  and  specific  indication  as  to  whether  the  datum  setting 
for  the  altimeter  is  QFE,  QNH,  or  standard. 

Colour  is  used,  in  addition  to  position  and  pattern,  to  differentiate 
between  the  various  types  of  information  in  tha  display.  Thus,  at  the 
present  state  of  development,  white  is  used  for  elements  indicating  the 
present  performance  of  the  aircraft  (speed,  height,  eto),  magenta  is  used 
to  indicate  selections  mads  by  the  pilot  (selected  speed,  height,  heading,  etc), 
green  is  used  for  fixed  scales,  and  red  for  warning  information.  Pictorial 
parts  of  the  display  ara  presented  in  traditional  colours}  for  example, 
an  amber  aircraft  symbol  is  used  in  the  attitude  display,  together  with 
blue  'sky*  and  brown  'earth*. 

Full  information  is  given  on  the  state  of  engagement  of  the  autopilot/ 
flight  direotor  and  auto-throttle  systems,  showing  both  armed  and  engaged 
modes.  In  the  case  of  an  airaraft  equipped  for  automatic  landing, 
the  landing  phase  indicator  would  aleo  be  incorporated  in  the  PFD. 

smaller  sizes  of  display  are  generally  similar,  though  with  a  restricted 
information  content.  Figure  9  shows  a  typical  6  in  x  5.5  in  PFD. 

Navigation  Display 

Figure  10  shows  tha  BAs  1-11  ND  in  the  map  mode.  The  same  conventions  have 
been  adopted  for  the  use  of  aolour  as  in  the  PFD.  The  weather  radar  return 
can  be  overlaid  on  the  map,  giving  an  immediate  indication  of  the  position 
of  storm  activity  relative  to  the  planned  flight  path.  The  scale  of  the 
map  and  the  range  setting  of  the  radar  are  selected  by  a  single  control 
on  the  PCP  to  ensure  compatibility  at  all  times.  In  the  electronic 
display  eyutams  currently  under  development,  the  storage  and  processing 
of  the  data  required  for  the  construction  of  the  map  display  is  carried 
out  in  the  flight  management  system  rather  than  in  the  display  system. 

Full  details  of  the  operation  of  the  radio/navigation  system  are  given 
in  alpha-numeric  form  at  the  sides  of  ths  ND.  Thsse  include  selected 
frequencies,  waypoint  data,  and  time  and  groundspeed  information. 

In  the  compass  rose  mode,  selected  on  the  PCP,  the  centre  part  of  the  ND 
provides  heading  and  radio/ navigational  information  in  the  same  format 
as  in  a  conventional  HSI. 

Systems  Displays 

Since  the  experimental  display  system  installed  in  the  BAe  1-11  aircraft 
at  present  includes  only  the  PFD  and  ND  in  ths  Captain's  panel,  less 
detailed  work  has  been  carried  out  in  the  systems  display  area  than  in 
the  case  of  the  other  displays.  However,  preliminary  studies  have 
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generated  varloue  dieplay  formate,  of  which  Figure  11  Hhowe  an  example. 

This  is  a  display  of  primary  engine  information  for  a  2-ungine  aircraft,  to 
together  with  performance  monitoring  data  for  main  aircraft  systems. 

It  is  perhaps  in  the  systems  area  that  the  flexibility  of  the  CRT  display 
becomes  most  useful,  since  it  enables  detailed  information  on  the  Btate 
of  any  of  the  aircraft  systems  to  be  displayed  on  demand.  it  is  also 
possible  for  the  appropriate  format  to  be  displayed  automatically  in 
the  event  of  a  malfunction,  so  that  corrective  action  can  be  initiated 
with  minimum  delay. 

Caution  and  warning  information  (which  will  be  displayed  on  the  second 
Systems  Display'  is  processed  bo  that  in  the  event  of  multiple  warnings 
(such  as  would  occur  in  the  event  of  an  engine  failure)  the  appropriate 
priority  order  for  corrective  actions  can  be  indicated  in  the  display. 

HUMAN  FACTORS 

When  CRTs  were  first  considsrsd  as  a  possible  means  of  displaying  flight 
information  to  pilots,  doubts  were  expressed  as  to  their  acceptability 
fran  the  human  factors  point  of  view.  Although  flight  experience  with 
these  displays  is  limited,  there  are  no  indications  that  any  serious 
problem  exists.  Various  studies  of  human  factors  aspects  of  airborne  CRT 
displays,  have  been  made  3<  ,  and  these  have  provided  ground  rules  for 
the  design  of  the  equipment  for  evaluation  in  the  BAe  1-11  aircraft. 

The  rate  at  which  a  CRT  display  1b  refreshed  must  be  considered  carefully, 
in  order  to  avoid  perceptible  flicker,  which  is  likely  to  be  most  apparent 
in  display  units  viewed  peripherally.  The  actual  refresh  rate  that  is 
acceptable  depends  on  the  particular  phosphors  used  in  the  CRT  Boreeni 
short  persistence  phosphors  require  a  higher  refresh  rate  than  long 
persistence  types,  to  avoid  flicker.  In  the  case  of  phosphors  of  the  P22 
type  commonly  used  in  colour  CRTs  for  airborne  displays,  a  50  Hz  refresh 
rate  1s  satisfactory  for  most  observers,  and  the  80  Hz  rate  commonly  used 
provides  a  wide  safety  margin.  The  hiyher frequency  also  reduces  the 
noticeability  of  the  jump  effect  (which  is  in  any  case  not  perceived  by 
all  observers) ;  this  is  manifested  as  an  apparent  movement  of  the  display 
when  the  observer's  point  of  fixation  scans  across  it,  and  ic  due  to  the 
interaction  between  the  moving  fixation  point  and  the  refresh  pattern  of 
the  display.  The  effect  is  not  peculiar  to  colour  CRTb,  and  may  be  detected 
by  some  observers  in  any  periodically  refreshed  display. 

It  is  frequently  suggested  that  the  use  of  a  large  number  of  CRT  displays 
in  the  flight  deck  may  cause  additional  crew-fatigue  problems;  a  number  of 
lengthy  operations  carried  out  in  the  BAe  simulator  failed  to  produce 
any  avidence  of  this. 

Much  work  has  been  carried  out  on  the  ubb  of  colour  in  CRT  and  other  displays 
and  many  of  the  associated  perceptual  problems  have  been  studied  in  some 
detail5 .  Typical  of  these  is  the  apparent  change  in  the  perceived  colour 
of  a  display  element  with  changing  display  luminance,  ambient  conditions, 
and  state  of  adaptation  of  the  observer.  It  will  be  impossible  to  Bay  with 
certainty  that  the  solutions  found  to  these  problems  are  fully  satisfactory 
until  equipment  of  this  type  has  been  in  service  for  an  appreciable  period 
of  time.  One  of  the  functions  of  the  micro-processor  in  the  display  unit, 
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described  ear liar i  ia  to  adjust  the  colour  content  of  the  display  in  such  a 
way  that  the  subjective  brightness  and  colour  contrast  between  different 
elements  of  the  display  remains  balanced  over  the  whole  luminance  range  of 
the  display. 

Any  light  emitting  display  must  have  its  brightness  varied  when  the  ambient 
illumination  changes,  if  uniform  display  contrast  is  to  be  maintained,  and 
in  the  case  of  airborne  CRT  displays  this  is  done  by  an  automatic  system 
controlled  by  signals  frees  sensors  mounted  on  thA  front  of  the  display 
unite.  In  addition,  to  counteract  the  effect  on  the  pilotB'  eyes  of  high 
light  levels  outside  the  aircraft  (such  as  sunlight  reflected  off  white 
clouds]  an  additional  input  to  the  automatic  brightness  control  system  can 
be  provided  from  a  forward-looking  sensor. 

Although  the  screens  of  the  CRTs  used  for  airborne  displays  normally  use 
pigmented  phosphors  in  a  black  matrix  to  minimise  reflectance  of  ambient 
light,  it  is  still  necessary  to  provide  some  form  of  optical  filtering 
to  ensure  adequate  display  visibility  under  all  conditions.  In  single-esat 
cockpits  directional  mesh  filters  provide  useful  contrast  enhancement, 
but  the  acceptance  angle  of  this  type  of  filter  is  inherently  low,  and  makes 
it  unsuitable  for  uee  in  a  transport  aircraft,  whare  cross-monitoring 
between  Captain's  and  First  officer's  displays  must  be  possible.  The 
simplest  form  of  filter  for  this  application  is  a  neutral  density  type, 
which  provides  twice  as  much  attenuation  of  unwanted  ambient  light  as 
it  does  of  the  light  emitted  by  the  CRT.  An  alternative  approach,  also 
suitable  for  wide-angle  viewing,  is  to  use  an  absorption  filter  with  three 
pass  bands  arranged  to  match  the  wavelengths  of  the  principal  emissions 
of  the  three  colour  phosphors.  Such  filters  provide  a  somewhat  higher 
performance  than  the  neutral  density  type,  but  currently  at  higher  cost. 

Any  filter  which  ia  used  is  required  to  be  bonded  on  to  the  CRT  face,  and 
to  have  an  anti-reflection  coating  on  its  outer  surface,  in  order  to  minimise 
the  effect  of  the  additional,  potentially  reflacting  surfaces. 

Application  of  available  technology  has  made  it  possible  to  design  and 
manufacture  colour  CRT  displays  whioh  should  be  capable  of  meeting  all  the 
requiremente  imposed  by  human  performance  capability.  If  extensive  flight 
experience  shows  that  modifications  are  desirable  in  suoh  arsas  as  the 
colour  or  shape  of  particular  symbols,  these  can  be  effected,  as  has  already 
been  pointed  out,  without  major  hardware  changes. 

ADVANTAGES  OF  ELECTRONIC  DISPIAYS 

When  considering  the  desirability  of  equipping  a  cockpit  or  flight  deck  with 
a  fully  comprehensive  electronic  display  system,  there  are  two  major  issues 
to  be  settled i 

e  what  advantages  and  disadvantages  does  an  electronic  display 
system  have  compared  with  a  conventional  instrument  fit? 

e  what  advantages  and  disadvantages  does  a  system  based  on 
colour  CRTs  have  compared  with  a  monochrome  system? 

Regarding  the  first  question,  there  are  both  economic  and  operational 
advantages  in  equipping  an  aircraft  with  electronic  displays. 
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From  the  economic  point  of  view,  an  electronic  display  system  already  offers 
an  advantage  over  conventional  displays  in  cost  of  procurement)  a  recent 
study  indicated  a  saving  of  more  than  30%  in  the  coBt  of  a  complete  display 
installation  for  a  large  transport  aircraft,  and  a  corresponding  advantage 
can  be  expected  in  the  case  of  a  combat  aircraft.  A  similar,  or  greater, 
saving  in  cost  of  ownership  will  be  achieved,  since  electronic  displays 
are  amenable  to  a  high  degree  of  automatic  testing,  and  require  a  relatively 
anall  amount  of  highly  skilled  labour  for  their  maintenance.  In  addition, 
application  of  the  flexibility  of  electronic  displays  provides  the 
possibility  of  configuring  a  transport  flight  deck  for  two-man  operation, 
the  economic  advantages  of  which  may  be  of  more  value  in  the  military 
environment  than  in  the  civil,  where  there  is  stronq  opposition  to  the 
two-man  crew  concept  from  many  pilots'  unions. 

This  same  flexibility  provides  the  main  operational  advantage  of  the 
electronic  display  systems  inf  o'maticn  in  whiah  the  pilot  is  not  currently 
interested  can  be  suppressed  i'vtw  the  displavs.  Whereas  in  the  past  the 
pilot  has  been  confronted  wifci  all  the  information  all  the  time,  arvd  has 
had  to  filter  out  mentally  the  items  in  which  he  is  interested,  it  is  now 
possible  to  effect  at  least  some  of  this  filtering  by  suitable  organisation 
of  the  programming  of  the  display  symbol  generators,  which  has  the  effect 
of  reducing  the  pilot  workload.  There  ie  also  the  advantage  of  being 
able  to  integrate  information  from  various  sources  in  a  way  which  has  not 
been  possible  previously. 

A  further  advantage  which  arises  from  the  flexibility  of  electronic  displays 
is  that  all  information  is  still  available  to  the  pilot,  on  a  time  sharing 
basis,  after  the  failure  of  one  dieplay  unit.  In  a  conventional  display 
system,  in  the  event  of  failure  of  an  instrument,  the  information  it 
provides  can  only  be  obtained  from  a  standby  source,  or  by  deduction  from 
the  readings  of  still-Berviceable  instruments.  The  two  types  of  display 
system  oan  be  made  comparable  in  their  ability  to  withetand  the  effects 
of  failures  of  data  sources  and  processing  devices  with  minimum  inconvenience 
to  the  crew. 

Thus  both  operational  and  economic  considerations  favour  the  introduction 
of  electronic  display  systems,  and  the  economic  balance  is  likely  to  come 
down  even  more  firmly  in  favour  of  the  advanced  displaye  in  the  future 
than  it  does  at  present.  .  . 

Considering  now  the  comparison  between  monochrome  and  colour  display  Bystems, 
it  is  generally  accepted  that  there  is  a  clear  (though  unquantif iable) 
operational  advantage  in  using  colour.  In  a  purely  symbolic  display, 
although  sound  design  dictates  that  correct  interpretation  of  the  information 
provided  should  not  depend  absolutely  on  colour  contrast  between  symbols, 
the  appropriate  use  of  colour  reinforces  shape  and  position  coding  of 
information,  and  makes  interpretation  of  the  display  easier.  In  the 
case  of  the  display  of  sensor-derived  images  there  will  in  tome  cases,  such 
as  low  light  television,  be  no  use  for  colour,  but  in  other  cases,  such  as 
infra-red  and  radar,  the  use  of  colour  generated  during  the  processing 
of  the  sensor  data  can  greatly  o&se  the  Interpretation  of  the  display. 
Similarly  the  ability  to  euperimpose  colour  rather  than  monochrome  symbology 
on  a  real-world  image  has  great  advantages  operationally. 
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From  the  point  of  view  of  resolution  a  shadow-mask  colour  CRT  inevitably 
compares  unfavourably  with  a  monochrome  tubei  although  the  high  resolution 
type  of  colour  tube  already  described  provides  entirely  adequate  cursively 
generated  symbolic  displays,  it  would  not  exploit  fully  the  available 
resolution  of  an  875  line  raster  picture.  This  limitation  would  not  apply 
in  the  case  of  a  penetration  phosphor  type  of  colour  CRT,  although  the 
problems  make  this  type  unsuitable  for  raster  displays. 

The  brightness  of  the  display  produced  by  shadow  maBk  CRTs  is  at  present 
less  than  that  available  with  some  monochrome  tubes,  but  with  suitable 
contrast  enhancement  filtering,  such  as  that  provided  by  a  narrow-angle 
directional  filter,  adequate  visibility  of  the  display  can  be  ensured,  even 
when  raster  generation  is  used. 

The  question  of  the  relative  complexity,  and  therefore  reliability,  of 
monoahrome  and  colour  display  systems  is  being  studied  in  some  detail 
at  present.  It  is  anticipated  that,  although  a  decision  to  instal 
colour  display  equipment  is  likely  to  involve  a  marginal  loss  of  overall 
reliability,  this  loss  will  be  so  small  that  it  will  be  offset  by  the 
greatly  improved  operating  characteristics  of  the  colour  system. 

CONCLUSION 

Aircraft  instrumentation  is  on  the  point  of  taking  what  1b  probably  the 
biggest  single  step  forward  fchat  has  happened  in  the  whole  history  of 
flying.  From  the  earliest  days  of  flying  until  the  present  day,  virtually 
all  the  primary  information  available  in  the  cockpit  has  been  presented  by 
mechanical  and  electromechanical  devices.  Now,  within  the  space  of 
a  few  years,  CRT  displays  will  be  appearing  in  ever-inoreaaing  numbers 
of  aircraft,  both  military  and  civil.  At  present  only  a  limited  amount 
of  information  ia  being  displayed  electronically,  but  that  amount  will 
soon  include  muah  of  the  information  that  is  vital  to  the  safe  and 
efficient  operation  of  the  aircraft. 

It  seems  likely  that  before  many  more  years  have  passed,  all  high  performance 
aircraft  will  be  equipped  with  all-electronic  display  systems,  with 
conventional  instruments  retained  only  for  standby  purposes.  This  will 
realise  to  the  full  the  operational  and  economic  advantages  which  modern 
display  technology  can  offer. 
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SUMMARY 


Helmet  Mounted  Display  symbology  has  been  designed  to  aid  in  landing  a 
specific  helicopter,  the  SH-2F,  on  small  ships,  utilizing  the  NAVTOLAND 
Precision  Landing  Guidance  System.  A  "maximal"  display  for  single-pilot  opera¬ 
tion  and  a  "minimal"  display  for  two-pilot  operation  have  been  developed,  both 
without  head  tracking.  The  "maximal"  display  provides  all  the  necessary  flight 
information  in  three  modes  for  localizer  acquisition,  approach,  and  hover. 

Novel  symbology  is  introduced  for  aiding  the  pilot  in  localizer  acquisition 
under  high  wind  conditions  and  for  glide  slope  and  localizer  tracking  during 
approach.  The  "minimal"  display  symbology  relies  on  adtive  participation  by 
the  co-pilot  via  verbal  communication.  In  this  display  the  presentation  of 
the  positioning  information  is  based  on  the  doppler  Direction  Velocity 
Indicator  panel  instrument  format  throughout  approach  and  hover. 


hr 
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INTRODUCTION 


The  Navy  has  undertaken  an  integrated  program  for  the  development  of  V/STOL 
(rotary  and  fixed  wing)  hover  and  landing  capability  under  adverse  conditions. 
Criteria  under  consideration  Include  operations  In  obscure  celling/700-foot 
visibility  and  through  sea  Btate  5,  on  both  aviation  and  non-aviation  ships 
(Figure  1), 

The  Navy  Vertical  Takeoff  and  Landing  (NAVTOLAND)  program  is  addressing 
all  elements  of  the  V/STOL  shipboard  landing  problem,  including  the  Precision 
Landing  Guidance  System  (VLCS),  aircraft  flight  controls  and  cockpit  displays, 
Visual  Landing  Aids  (VLA)  and  piloting  techniques.  For  manual  approach  and 
landing  in  adverse  weather,  effective  integration  of  cockpit  displays  with 
aircraft  control  characteristics  is  required.  Status  information  must  be 
matched  to  the  piloting  task,  and  command  information  must  account  for  the 
aircraft  flying  qualities  as  augmented  by  the  electronic  flight  control  system. 

Display  media  must  also  be  appropriate  for  the  task  and  compatible  for 
installation  in  a  particular  airframe.  The  Head-Up  Display  (HUD)  and  head  down 
Multi-Purpose  Display  (MPD)  in  fixed  wing  V/STOL  (AV-8B)  provide  adequate 
display  media  for  Instrument  Meteorological  Condition  (IMC)  approach,  and  to 
some  degree  for  final  hover  and  landing  as  well.  Representative  reviews  on  this 
subject  are  References  tH  through  [11]. 
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The  head-down  Instruments  found  in  helicopters,  however,  require  strict 
crew  coordination  procedures  for  IMC  approach  and  pose  problems  for  effective 
transition  to  head-up  flight  after  breakout,  especially  with  reduced  weather 
minima.  Head-up  displays  are  typically  found  only  in  attack  helicopters  and 
provide  a  limited  f ield-of-view. 

In  recent  years,  the  helicopter  community  has  effectively  pursued  use  of 
Helmet  Mounted  Displays  (HMD)  for  target  designation  and  for  enhanced  low 
visibility,  low  altitude  operations.  Visual  augmentation  UBing  infrared  (IR) 
or  low  light  level  sensorB  combined  with  artificial  symbology  has  been 
investigated  (References  [12]  through  [16]). 

it  Is  appropriate  then  to  consider  the  potential  of  an  HMD  for  the  ship¬ 
board  IMC  approach  and  landing  task.  In  this  rola,  the  HMD  is  envisioned  as 
a  medium  to  display  symbology  only,  since  unaided  visual  contact  with  the  ahip 
Is  possible  during  the  final  phase  of  the  approach  even  In  the  weather  condi¬ 
tions  under  consideration.  Furthermore,  utilisation  of  an  HMD  without  head 
position  tracking  would  simplify  aircraft  installation. 

There  are  undoubtedly  numerous  human  factor  questions  raised  by  Buch  an 
Implementation  (e.g.,  disorientation).  In  order  to  begin  addressing  these 
questions,  two  candidate  display  formats  for  an  HMD  without  head  tracker  have 
been  developed  for  use  in  an  SH-2F  helicopter,  Since  the  HMD  is  to  be  used 
only  for  the  approach  and  landing  task,  the  Helmet  Display  Unit  (HDU)  of  the 
Honeywell  Integrated  Helmet  and  Display  Sight  System  (IHADSS)  has  been 
selected  as  the  baseline  hardware  set  (Figure  2) ,  The  HDU  clipa  onto  the 
pilot's  helmet  and  thus  alleviates  the  need  of  carrying  the  extra  HDU  weight 
(12  oz)  throughout  uhe  mission. 

The  goal  of  the  Helmet  Mounted  Display  symbology  design  presented  here  is 
to  aid  the  pilot  in  performing  landings  on  small  non-aviation  shipB  by  means 
of  utilizing  the  information  available  from  the  NAVTOLAND  Precision  Landing 
Guidance  System  and  from  other  airborne  sensors.  The  following  constraints 
are  significant! 

(a)  The  specific  helicopter  to  be  considered  is  the  SH-2F  with  its 
present  Automatic  Stability  Equipment  (ASE)  and  the  instrument 
panel  left  unchanged 

fb)  No  head  tracker  is  to  be  used 

(c)  Extra  training  and  proficiency  flying  required  for  the  display 
is  to  be  as  little  an  possible. 

Constraint  (b)  implies  that  the  display  should  not  be  of  the  contact 
analog  ("forward  looking")  type.  The  concept  employed  can  be  called  a  "helmet 
mounted  instrument  panel,"  enabling  the  pilot  to  avoid  confusing  overlapping 
of  symbols  and  certain  elements,  like  light  sources,  in  the  vle-r  of  the  ship. 
This  combination  of  symbology  and  outside  view  ia  similar  to  helmet-fixed 
symbology  superimposed  on  an  IR  display  where  the  orientation  of  the  swivelling 
IR  sensor  is  governed  by  the  pilot's  head  movements.  Such  a  system  is  being 
flown  successfully  in  the  Surrogate  Trainer  for  the  U.S.  Army  Advanced  Attack 
Helicopter, 
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Constraints  (c)  and  (a)  dictate  a  design  philosophy  that  strongly  utilizes 
the  present  training  and  experience  of  SH-2F  pilots  with  the  existing  flight 
control  system  and  cockpit  instruments. 

Two  solutions,  different  in  format  and  in  content,  have  been  synthesized 
and  are  presented  here.  A  "maximal"  display,  intended  for  single-pilot  opera- 
tion,  has  three  different  modes,  from  localizer  acquisition  to  hover,  utilizing 
a  moving-map  type  horizontal  format  throughout  and  introducing  novel  vertical 
display  symbology  derived  from  visual  and  instrument  information  used  today. 

A  "minimal"  display  Is  synthesized  based  on  the  assumption  that  the  co¬ 
pilot  actively  participates  in  the  approach  by  providing  the  pilot  with 
monitoring  information  verbally.  This  display  utilizes  essentially  a  single 
format  throughout  the  approach,  using  error  and  error  rata  Bymbology  derived 
from  the  Direction  Velocity  Indicator  (DV1)  panel  instrument,  with  true 
situation  shown  only  near  hover. 

The  following  principles  were  formulated  as  guidelines  for  the  detailed 
design: 

1.  The  information  displayed  on  the  HMD  should  eliminate  the  need  to 
look  inside  the  cockpit,  except  in  response  to  warning. 

2.  Motions  of  display  elements  should  not  be  in  conflict  with  any 
panel  display  of  similar  information,  especially  insofar  aB 
evoked  control  modes  are  concerned. 

3.  The  symbology  chosen  for  various  display  modeB  should  be  "natural" 
in  order  to  minimize  the  time  and  effort  needed  for  familiariza¬ 
tion  and  training. 

4.  Digital  display  of  information  may  be  used  for  monitoring  purposes 
but  not  for  continuous  control  loop  closures. 

In  the  following,  the  proposed  display  symbology  is  described  in  detail, 
including  the  reasoning  for  the  choices  of  its  various  elements  and  features. 
The  availability  of  a  stroke-writing  symbol  generator  is  assumed. 


A  ,tMAXIMAL"  DISPLAY  FOR  SINGLE-PILOT  OPERATION 


The  Basic  Display  Format 

The  format  common  to  all  display  modes  of  the  "maximal"  display  involves 
elements  of  flight  Information  that  are  available  on  the  basic  instrument 
panel.  The  central  area  of  the  display  is  to  be  reserved  for  various  modes 
conveying  positioning  information,  from  localizer  acquisition  to  hover. 
Because  no  head  tracker  is  to  be  used,  any  resemblance  between  symbol  move¬ 
ments  and  relative  movements  of  outside  objects  should  generally  be  avoided. 
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Display  Principles  1.,  2.  and  4.  govern  the  design  of  the  basic  display 
format.  In  order  to  minimize  the  difficulty  of  transitioning  from  cockpit 
instruments  to  thu  HMD  symbology,  as  much  information  as  possible  is  arranged 
resembling  the  instrument  panel  (Figure  3)  ao  that  the  basic  scanning  pattern 
is  not  very  different.  Therefore,  much  of  the  important  instrument  informa¬ 
tion  is  arranged  at  the  bottom  of  the  display  area.  The  center  piece  in  thiB 
area  is  the  sketch  of  the  attitude  gyro,  with  bank  angle  indicator,  turn  needle 
and  side  slip  ball.  Several  of  the  instruments  indicated  in  Figure  3  are  not 
represented  in  the  basic  HMD  format;  some,  because  they  convey  information  that 
is  to  be  Included  In  the  appropriate  display  mode  in  the  central  area,  others, 
because  they  are  not  considered  primary  information  for  the  flight  phases  at 
hand.  Automatic  warnings  must  be  flashed  on  the  display  when  instruments  not 
shown  on  the  HMD  Indicate  trouble  (Figure  4) . 

In  addition  to  the  gyro  display  the  following  information  is  shown  in 
the  bottom  area:  radar  altitude,  barometric  altitude,  ground  speed,  air 
apeed,  percent  rpm  and  percent  torque,  Given  the  use  ofa  the  ASE,  all  of 
these  indications  era  only  to  be  monitored  while  positioning  of  the  helicopter 
is  to  be  performed  based  on  the  central-area  information.  For  this  reason  it 
is  proposed  that  these  instrument  readings  be  shown  in  digital  form.  The 
arrangement  shown  in  Figure  4  resembles  closely  the  relative  locations  of  the 
respective  instruments  on  the  panel  in  relation  to  the  gyro.  Exceptions  are 
that  the  rpm  information  is  moved  to  the  left  of  the  air  apeed  read-out  so 
that  it  does  not  intrude  into  the  central  area,  and  that  the  ground  speed  is 
shown  below  the  airspeed,  in  placa  of  the  bearing-distance-heading  indicator. 
The  moving  heading  scale  is  across  the  top  of  the  display  area.  A  rate-of- 
climb  scale  is  shown  on  the  left-hand  side  of  the  central  area.  An  area  on 
the  right  hand  side  is  reserved  for  warning  information. 

In  order  to  minimize  the  chances  of  disorientation,  it  is  important  that 
tha  pilot  be  aware  of  his  head  angle  with  reBpect  to  the  airframe  at  all 
times,  The  fixed  elements  on  the  HMD  provide  a  "frame"  which  can  be  related 
to  cockpit  features  (e.g.,  instruments,  windshield  frame). 

In  the  following  sections,  central-area  display  modes  for  localizer  acqui¬ 
sition,  approach  and  hover  are  described. 


Localizer  Acquisition  (LA) 


In  the  sequence  of  flight  phases  during  approach  and  landing,  the  purpose 
of  the  first  display  mode  is  to  aid  the  pilot  in  localizer  acquisition.  In 
high  aea  states  the  mean  wind  velocity  la  likely  to  be  high  which  complicates 
the  prediction  of  the  flight  path  in  a  turn.  This  Is  considered  the  dominant 
problem  in  this  flight  phase. 


The  display  needed  for  enhancing  localizer  acquisition  is  essentially  a 
navigation  mode  with  nominal  approach  path  information  to  be  added.  Only  a 
horizontal  display  is  needed  in  the  central  area  because  this  maneuver  is  per¬ 
formed  at  an  altitude  which  can  be  held  adequately  by  the  ASE,  or  by  the  pilot 
using  the  altimeter  and  rate  of  climb  information  available  on  the  display. 
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The  scaling  of  the  horisontal  display  in  the  LA  node  1b  determined  bo  that  no 
scale  change  should  be  necessary  during  several  minutes  before  localizer 
acquisition  is  completed.  Assuming  an  air  speed  of  80  knots  during  this 
flight  phase  as  the  design  point,  a  range  of  3  miles  allows  seeing  ahead  for 
more  than  two  minutes  and  gives  adequate  lateral  range  for  a  standard  turn 
diameter. 

The  first  significant  element  in  this  display  mode  is  the  presentation  of 
the  nominal  approach  path  when  the  helicopter's  relative  location  (range  and 
azimuth)  with  respect  to  the  ship  and  the  nominal  approach  angle  are  known. 

In  addition  to  the  nominal  approach  lina  the  following  information  is 
considered  quite  useful  for  the  horizontal  situation  display:  the  orientation 
of  the  ship  with  respect  to  the  approach  path  and  itB  direction  of  travel,  and 
the  point  on  the  approach  path  where  tip-over  should  be  performed  assuming 
that  the  helicopter  stays  at  the  same  altitude.  The  ship  can  be  shown  as  a 
Btnal!  symbol  or  as  an  arrow  at  the  end  of  the  approach  line  (Figure  5) .  If 
the  ship  itself  is  off  scale  then  it  should  appear  where  the  approach  line 
terminates,  with  a  gap  between  the  line  and  the  ship  symbols  the  gap  is  to 
disappear  when  the  ship  is  within  range  and  then  the  ship  symbol  appears 
attached  to  the  end  of  the  approach  line. 

In  order  to  assist  the  pilot  in  planning  his  turn  onto  the  approach  path, 
two  dotted  antennae-like  symbols  emanate  from  the  aircraft  symbol.  These 
lines  represent  the  ground  tracks  for  left  and  right  nominal  turning  flight 
paths.  In  the  simplest  case,  with  no  wind,  these  paths  are  half  circles 
which  are  calculated  based  on  the  helicopter  ground  spaed  and  the  predetermined 
turn  rate  for  a  2-minute  360°  turn.  For  cross-checking  purposes,  and  also  in 
the  case  of  inoperative  automatic  turn  coordination,  the  needle-ball  presenta¬ 
tion  at  the  bottom  of  the  gyro  can  be  used.  Ideally,  a  turn  should  be  flown  in 
such  a  fashion  that  the  nominal  approach  line  becomes  tangential  to  the  nominal 
turn  path  when  localizer  acquisition  is  completed.  Only  constant-heading-rate 
turns  are  considered  here. 

Automatic  turn  coordination  (zero  side  force)  has  been  ranked  among  the 
highest  priorities  for  feedback  augmentation  of  helicopters  and  it  is  assumed 
available  under  the  flight  conditions  considered  here,  The  sketch  in 
Figure  6  indicates  that  a  horizontal  force  component  perpendicular  to  the 
helicopter  x-axiB  has  components  both  perpendicular  to  and  along  the  flight 
path.  The  former  causes  the  flight  path  to  curve  while  the  latter  represents 
an  accelerating  or  decelerating  force  component  depending  upon  the  direction 
of  the  turn.  The  implication  is  that  longitudinal  control  must  be  applied  by 
the  pilot  or  by  the  ASE  in  order  to  maintain  the  airspeed.  Changes  in 
ground  speed  occur  during  a  turn  unless  a  significant  effort  is  made  to  main¬ 
tain  it  constant,  but  no  good  reason  can  be  seen  to  make  this  a  requirement. 

The  kinematics  of  turning  helicopter  flight  is  analyzed  in  Reference  [17];  a 
simplified  approximation  for  level  turns  with  constant  airspeed,  based  on  a 
quasi-s tat ionary  analysis,  results  in  very  simple  on-line  calculations  to 
obtain  the  dotted  "antennae";  each  consecutive  dot  represents  a  15  deg 
absolute  heading  increment.  Figure  7  illustrates  the  changing  shape  of  the 
antennae  as  the  wind  direction  changes  in  the  course  of  a  turn.  The  accuracy 


of  the  predicted  turn  path  can  be  monitored  eaBily  throughout  the  turn  and 
appropriate  modifications  of  the  turn  rate  can  be  made  to  compensate  for 
approximations  and  instrumentation  errors,  or  for  inadequate  turn  rate 
tracking  during  part  of  the  turn, 

Two  more  features  might  be  added  to  the  LA  display  if  unused  computa¬ 
tional  capacity  is  available.  The  first  addressee  the  problem  of  timing  the 
turn  initiation  when  the  approach  path  is  moving  sideways  because  it  is  at  an 
angle  with  respect  to  the  ship'B  line  of  travel.  If  the  ship's  speed  is 
known,  then  a  straightforward  calculation  can  predict  where  the  approach  path 
would  be  located  when  it  came  nearest  a  nominal  turn  initiated  immediately 
(see  the  double  line  segments  in  Figures  5  and  7),  Under  ideal  conditions  the 
turn  should  be  initiated  when  the  predictor  path  element  becomes  a  tangent  of 
the  turn  path.  This  element  then  remains  tangantlal  to  the  turn  path  through¬ 
out  the  standard  turn  while  its  distance  from  the  actual  moving  approach  path 
decreases  to  sero  by  the  time  localizer  acquisition  is  completed.  In  the 
absence  of  such  a  predictor  symbol  the  pilot  must  perform  the  prediction. 

The  second  feature  that  might  be  added  at  significantly  greater  expense 
in  computational  capacity  would  provide  bank  angle  commands  throughout  the 
turn.  At  each  point  along  the  nominal  path  the  bank  angle  needed  to  provide 
the  required  flight  path  curvature  can  be  calculated.  In  view  of  the  small 
bank  angles  and  the  rather  lax  accuracy  requirements  in  localizer  acquisiton, 
this  feature  is  only  mentioned  but  is  not  recommended. 

The  localizer  acquisition  takes  place  at  an  altitude  and  a  distance  from 
the  Bhip  where  head-down  flying  is  quite  acceptable.  Therefore,  the  informa¬ 
tion  and  symbology  devised  here  is  not  tied  uniquely  to  an  HMD  but  could  be 
shown  instead  on  an  available  panel-mounted  tactical  or  other  CRT  display. 


Approach  and  Deceleration  to  Hover  (AF) 

Localizer  acquisition  can  be  considered  accomplished  when  the  helicopter 
is  in  approximately  straight  line  flight,  its  flight  path  orientation  is 
within  only  a  few  degrees  from  the  nominal  path,  the  helicopter  is  within 
localizer  range,  and  the  range  to  the  ship  la  decreasing.  Switching  to  the 
Approach  Mode  can  be  done  by  the  pilot  when  he  deems  it  appropriate,  or 
automatically  based  on  the  criteria  above  which  have  been  formulated  so  that 
mode  switching  does  not  occur  during  an  excessive  overshoot. 

The  various  horizontal  velocity  components  playing  a  role  in  approach 
\  path  tracking  are  shown  in  Figure  8.  The  helicopter  motion  with  respect  to 

the  nominal  approach  reference  line  io  affected  by  the  airspeed,  the  inhereut 
side  slip,  the  wind  velocity  and  the  ship  velocity  vectors.  In  the  case  of  a 
stern  approach  the  situation  is  simplified  by  the  fact  that  the  nominal  approach 
reference  line  does. not  translate  orthogonally  to  its  direction. 

In  order  to  enhance  the  pilot's  tracking  task  a  velocity  vector  must  be 
displayed.  There  ere  two  alternatives  available.  The  ground  velocity  vector 
along  the  ground  track,  in  general,  muse  be  at  an  angle  with  the  nominal 
approach  line  in  order  to  stay  on  the  nominal  path.  This  angle  can  be 
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calculated  as  6^a  “  ain”l((V8  sin  Yaa)/Vt,g)  where  Vs  and  Vhg  are  the  ship  and 
helicopter  velocities  and  Ysa  t^'e  between  the  ship  velocity  vector 

and  the  nominal  approach  line.  The  nominal  end  point  of  tha  helicopter  ground 
velocity  vector  can  be  calculated  and  shown  on  the  display. 

The  other  alternative,  using  the  same  information,  is  to  display  the 
helicopter  ground  velocity  component  as  referenced  to  the  nominal  approach 
line.  This  is  the  alternative  proposed  for  the  approach  mode  because  tracking 
the  nominal  approach  line  is  then  essentially  the  some  in  the  case  of  Yea  i*  0 

as  when  Ysa  ■  0  (Figure  9).  From  the  pilot's  viewpoint,  the  effect  of  a 
laterally  translating  approach  line  is  tha  same  as  that;,  of  an  additional  wind 
component  orthogonal  to  a  non-tranalating  nominal  path. 

As  the  approach  speed  is  decreased,  appropriate  heading  changes  must  be 
made.  An  experienced  pilot  is  likely  to  anticipate  moat  of  the  required 
change.  Throughout,  it  is  assumed  that  the  pilot  la  using  the  ASE  and  is 
flying  longitudinal  trim  while  the  automatic  turn  coordination  keeps  the  ball 
centered  even  if  there  is  no  banking.  It  appears  desirable  to  have  the  ASE 
in  altitude-hold  in  this  phase  of  the  approach.  For  tha  present  discussion  it 
is  aauumed  that  the  initial  altitude  before  tip-over  la  such  that  after  this 
maneuver  there  is  adequate  flying  time  available  to  eatabliah  glide  slope 
tracking  before  the  decelerating  phase  begins. 

As  long  as  the  altitude  la  held  constant  or  ie  not  yet  a  crucial  flight 
variable,  the  horizontal  display  provides  sufficient  information.  When  the 
explicitly  marked  tip-over  point  ia  approximately  one-half  minute  flying  time 
away,  a  horizontal  scale  change  ie  in  order  and  gllde-elopa  referenced 
vertical  information  must  be  made  available,  A  presentation  of  ILS  needles 
might  be  used  for  this  purpose;  this  alternative  has  been  rejected  because  the 
cross  hair  panel  instrument  above  the  gyro,  the  Direction  Velocity  Indicator, 
represents  a  horizontal  display  and  therefore  evokes  a  different  control 
response. 

In  the  search  for  a  solution  the  following  line  of  thought  evolved.  The 
dominant  reason  for  using  an  HMD  or  a  HUD  is  that  the  pilot  wantB  to  make 
visual  contact  with  the  ship  as  soon  as  he  can.  Therefore,  it  is  considered 
desirable  that  the  pertinent  information  during  approach  be  presented  in  the 
central  display  area  in  an  uncluttered  way.  Today's  pilot  training  and 
experience  is  based  on  visual  approaches,  with  valuable  cues  provided  by  a 
Fresnel  lens  system  ("meat  bell")  or  other  vertical  guidance  and  tha  "hockey 
stick"  appearance  of  approach  and  drop  line  light! .  The  closer  the  symbology 
resembles  conditions  flown  routinely  the  less  extra  training  and  additional 
proficiency  flying  is  necessary.  The  eymbology  for  tha  vertical  plane  infor¬ 
mation  proposed  below  combines  and  enhances  the  cues  available  from  the 
hockey  stick  and  the  meat  ball. 

Figure  10  shows  sketches  of  three  different  views  of  a  landing  platform 
and,  below  them,  the  symbology  derived  from  these  views.  The  vertical  Informa¬ 
tion  (above/below  nominal  path)  is  derived  from  the  fact  that  a  shallower/ 
steeper  than  nominal  view  of  the  platform  changes  the  aspect  ratio  of  itB 
visual  image.  This  is  purposely  exaggerated  in  the  Figure  in  order  to  enhance 
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the  resolution  along  the  vertical  axis.  The  centers  of  the  two  circles  repre¬ 
sent  the  points  where  the  drop  line  and  the  extended  approach  line  Intersect 
the  deck  surface.  The  reference  line,  not  available  in  the  outside  world,  is 
provided  so  that  the  top  circle  is  halved  when  Che  helicopter  1b  on  the  nominal 
glide  slope.  The  circle  radius  represents  an  angular  glide  slope  deviation 
and  the  nominal,  spacing  of  the  two  circles  1b  Buch  that  they  would  coincide 
at  zero  degree.  As  the  absolute  glide  path  deviations  indicated  by  the  circles 
shrink  with  decreasing  range,  there  Is  to  be  a  change-over  from  the  angular 
representation  to  a  linear  representation. 

The  upper  half  of  this  symbology  is  designed  to  make  it  resemble  a  Fresnel 
lens  system,  In  other  words,  the  reference  lines  can  be  thought  of  as 
stabilized  datum  lines  for  a  meatball  at  the  bottom  of  the  extended  center 
line.  For  vertical  error  rata  information,  an  arrow  is  added  to  the  upper 
circle,  as  indicated  in  the  sketches  in  Figure  10.  No  special  symbol  for  loca¬ 
lizer  error  rate  ia  added  because  that  information  is  perceptible  from  the 
changing  shape  of  the  hockey  stick  and  is  shown  explicitly  by  the  approach 
velocity  vector  in  the  horizontal  display. 

The  vertical  plane  symbology  Bet  ia  placed  above  the  horizontal  display 
area  so  that  the  ship  symbol  of  the  horizontal  display  and  the  vertical  display 
symbology  set  move  together  at  all  timeB.  Thin  assures  a  rather  natural 
relationship  by  seeing  the  vertical  information  "looking  down"  along  the 
approach  line.  A  composite  sketch  of  a  "snapshot "  of  the  resulting  approach 
display  mode  just  before  tip-over,  with  glidealope  and  localizer  errors, 
is  shown  in  Figure  11. 

Throughout  the  approach  mode  a  digital  readout  of  the  closing  rate 
appears  at  the  left  of  the  stationary  aircraft  symbol  where  it  is  croHs- 
checked  easily  with  the  airspeed  (as  long  as  that  ia  reliable)  and  the  ground- 
speed  shown  at  the  left  of  the  gyro.  When  a  sensor  output  is  unreliable  ita 
read-out  is  to  disappear.  The  digital  read-out  of  the  range  to  the  ship  is 
shown  next  to  the  ship  symbol  at  all  times. 

The  approach  of  the  tip-over  point  is  shown  by  a  bug  traveling  along  the 
nominal  approach  line,  and  it  can  also  be  perceived  on  the  hockey  stick  display 
because  the  upper  circle  is  moving  more  rapidly  toward  its  reference  lines  as 
the  helicopter  approaches  the  nominal  glide  path.  During  and  after  tip-over, 
until  deceleration  begins,  the  primary  information  for  approach  path  tracking 
can  be  obtained  from  the  vertical  plane  symbology. 

The  next  phase  of  the  approach  is  the  deceleration  to  hover,  identified 
by  some  pilots  as  the  most  taxing  part  of  the  approach  under  adverse  condi¬ 
tions  at  night.  It  must  be  assumed  that  under  extreme  conditions  the  ship  Is 
not  yet  visible  when  deceleration  is  to  be  initiated.  Fortunately,  with  the 
NAVTOLAND  PLGS,  it  1b  possible  to  give  the  pilot  adequate  position  and  error 
information  if  some  simple  kinematic  relationships  are  utilized.  The  point 
along  the  approach  path  where  deceleration  la  to  be  initiated  can  be  determined 
easily  based  on  the  known  initial  closing  rote  if  the  nominal  deceleration  of 
the  closing  rate  is  assumed  to  be  a  straightforward  function  of  range  only. 

For  the  purpose  of  this  paper,  constant  deceleration  is  used  as  reference. 
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It  la  proposed  that  the  pilot  have  the  option  of  selecting  a  deceleration 
of  -.Lg  or  -,05g.  Under  adverse  weather  conditions  pilots  may  well  opt  for 
the  slower  deceleration  if  they  have  appropriate  information  on  their  display 
to  set  up  the  deceleration  and  to  stay  within  acceptable  tracking  errors  even 
before  they  have  a  direct  view  of  the  ship.  The  display  feature  described 
below  ia  designed  to  provide  significant  help  to  this  effect. 

The  U.S.  Army  Avionics  Research  and  Development  Activity  has  developed  and 
simulator-tested  a  nonlinear  scaling  of  the  velocity  vector  in  the  final. 

Approach  phase  (Reference  118)) .  The  essence  of  this  idea  is  that  keeping  the 
tip  of  the  properly  scaled  velocity  vector  on  the  desired  landing  spot  as 
displayed  in  a  horizontal  plane  results  in  a  proscribed  deceleration  time 
history  depending  on  the  scaling  of  the  velocity  vector.  For  example,  linear 
scaling  results  in  an  exponential  decay  of  approach  speed.  It  can  be  shown 
easily  that  quadratic  scaling,  i.e. ,  making  the  approach  velocity  vector 
proportional  to  the  square  of  the  closing  rate,  would  yield  constant  decelera¬ 
tion  under  idealized  conditions.  Such  a  feature  is  incorporated  in  the  proposed 
display. 

Depending  on  the  preselected  value  of  deceleration  an  automatic  scale 
change  is  to  occur  at  a  range  of  1,000  ft  or  2,000  ft  and  at  the  same  time  the 
ship  symbol  changes  to  a  properly  oriented  landing  pad.  In  this  final  approach 
mode  the  magnitude  of  the  approach  velocity  vector  at  any  given  initial  closing 
rate  ia  equal  to  the  easily  pre-calnulated  distance  of  the  ship  symbol  from  the 
point  where  deceleration  is  to  begin.  The  transitioning  from  constant  airspeed 
to  deceleration  occurs  when  the  ship  symbol  reaches  the  vector  tip ;  from  that 
time  on  the  pilot  must  keep  the  vector  tip  on  the  Bhip  symbol  while  making 
appropriate  collective  adjustments  based  on  the  glide  slope  error  Information. 
The  described  feature  allows  the  pilot  significant  freedom  to  modulate  the 
idealized  procedure.  He  may  choose  the  location  where  he  wants  to  come  to  a 
hover  and  he  may  choose  to  apply  larger  or  smaller  decelerations  over  parts  of 
the  final  approach.  Making  the  appropriate  corrections  in  case  the  initiation 
of  the  deceleration  occurred  somewhat  late  is  also  straightforward.  In  order 
to  Improve  the  tracking  accuracy  a  final  scale  change  in  the  approach  mode 
ehould  occur  at  500  ft  range. 

In  order  to  assure  a  smooth  transition  to  hover  the  approach  mode  oF  the 
display  is  to  be  terminated  at  100  ft  from  the  nominal  landing  spot  and  the 
display  ahould  switch  automatically  to  the  hover  mode  described  in  the  next 
section. 


Hover  Mode 

By  the  time  the  switching  to  the  hover  mode  occurs,  detailed  features  of 
the  ship  ere  in  sight,  It  is  an  unresolved  question  whether,  from  this  point 
on,  artificial  symbology  the  moving  image  of  the  ahip  would,  be  used  by 
pilots  in  actual  flight  although,  at  least  in  principle,  the  stabilized  and 
well  defined  position  information  on  a  display  may  make  hovering  and  maneu¬ 
vering  near  hover  easier'  than  flying  based  on  the  moving  ship  reference.  The 
goal  of  devising  a  hover  display  mode  is  to  provide  the  pilot  with  the  best 
posalble  information  so  that  he  may  use  the  symbology  as  a  significant  source 
of  information. 
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The  hover  display  symbology  is  phown  in  Figure  12.  The  stationary  air¬ 
craft  symbol  is  inscribed  in  a  circle  representing  the  rotor  to  Beale  in  order 
to  provide  innate  perception  of  the  horizontal  scaling  factor.  The  ship 
landing  area  is  represented  by  a  rectangle,  also  to  scale,  shown  at  the  proper 
bearing,  with  the  proper  orientation.  The  nominal  touch-down  point  is  marked 
by  a  circle.  Pot  a  linear  control  law  the  velocity  vector  tip  Bhould  be  kept 
on  the  "target"  as  mentioned  in  the  preceding  section  in  connection  with 
proportional  vector  scaling. 

The  scale  on  the  left  can  be  used  both  for  vertical  position  error  and  for 
rate  indication  if  the  center  reference  point  on  the  scale  denotes  the  nominal 
hover  height  and  zero  rate  of  climb.  The  actual  hover  height  is  indicated  by 
two  symbols  moving  together  on  the  two  aldeB  of  the  acalei  they  are  shaped  to 
suggest  a  pair  of  wheels. 

For  illustration,  the  bottom  of  the  vertical  Beale  in  Figure  12  represents 
the  deck  if  it  were  not  moving  at  a  nominal  hover  height  of  SO  ft.  The  small 
reference  circle  shown  there  together  with  the  two  associated  reference  lines 
can  be  moved  to  any  desired  nominal  hover  height.  Significant  realism  can  be 
added  to  the  display  if  landing  spot  motion  information  ie  transmitted  to  the 
hovering  helicopter,  This  information  can  be  used  to  show  deck  displacements 
in  heave  and  sway  as  well  as  the  deck  roll  angle.  This  motion  being  confirmed 
continuously  by  the  moving  background  outside  may  contribute  significantly  to 
the  confidence  in  the  information  displayed  via  the  symbology. 

No  matter  how  good  and  successful  a  hover  display  proves  to  be,  a  nagging 
question  remains  to  be  addressed:  what  if  the  display  fails  while  hovering? 
Obviously  the  pilot  must  have  the  capability  to  land  safely  based  on  visual 
cueB  with  the  help  of  the  Landing  Signal  Enlisted  (LSE)  personnel  and  VLA 
unless  a  divert  option  exists.  This  means  that  he  must  have  the  proficiency 
to  perform  such  a  landing.  The  implication  is  that  if  he  uses  the  display 
regularly  because  it  makes  his  task  easier,  he  actually  Ioobbs  proficiency  in 
hovering  and  landing  viaually.  These  last  two  phaseB  have  been  singled  out 
for  the  above  question  because  the  close  vicinity  of  hard  surfaces  makea 
proficient  and  quick  reaction  mandatory  while  the  preceding  phases  might  be 
handled  relatively  easier  by  simply  slowing  down.  The  conclusion  1b  that  great 
emphasis  should  be  placed  on  devising  a  satisfactory  stabilized  hover  VLA  and, 
if  that  can  be  accomplished,  the  pilot  may  prefer  to  fly  the  VLA,  with  the 
central  display  area  vacant,  after  the  100-ft  hover  range  has  been  reached. 


A  "MINIMAL"  DISPLAY  FOR  TWO-PILOT  OPERATION 

The  display  mode'?  described  in  the  preceding  sections  have  been  intended 
for  single-pilot  operation  so  that  all  the  needed  information  is  shown 
including  som<'  tedundancieB  for  enhancement  and  crosschecking.  It  was  con¬ 
sidered  essential  to  provide  situation  information  at  all  times.  A  much 
reduced  display  can  be  devised  if  two-pilot  operation  is  assumed. 


225 


The  design  of  a  "minimal"  display  is  based  on  the  principle  that  moBt  of 
the  monitoring  and  slowl''  varying  information  can  be  communicated  verbally  to 
the  pilot  by  the  co-pilot.  The  elimination  of  such  information  from  the 
pilot's  display  results  in  a  reduced  scan  and  therefore  allows  him  to  focus 
his  visual  attention  entirely  on  the  immediate  flying  task.  All  the  instrument 
readings  on  the  left  hand  side  of  the  gyro,  except  for  torque,  can  be  elim¬ 
inated  from  the  basic  display.  The  two  altimeters  on  the  right  hand  side  are 
replaced  by  a  single  altitude  read-out  elsewhere  on  the  display. 

The  minimal  display  does  not  address  the  localizer  acquisition  problem. 

It  is  assumed  that,  flying  at  a  safe  altitude,  the  pilot  can  arrive  within 
localizer  range  flying  on  the  cockpit  instruments,  using  the  available  naviga¬ 
tion  aids  and  the  tactical  display.  The  tactical  display,  with  some  modifica¬ 
tion,  could  be  augmented  to  provide  most  of  the  Localizer  Acquisition  mode 
described  earlier.  Consequently,  most  of  the  basic  format  can  be  reduced  to  a 
somewhat  sketchy  representation  of  the  gyro,  with  turn  needle  and  ball 
(Figure  13).  Because  only  relatively  small  bank  angles  are  used  during  the 
approach,  only  "wings  level"  references  and  ±  10s  marks  are  Bhown  at  the  two 
sides  of  the  horizon  line;  these  symbols  move  up  and  down  with  the  pitch 
ladder.  This  modification  is  preferred  to  a  pointer  on  top  (aB  on  the  panel 
instrument)  because  with  the  elongated  horizon  line  it  provides  improved 
resolution.  The  heading  scale  is  eliminated  entirely. 

Percent  torque  is  shown  at  the  left  of  the  gyro.  A  scale  format  haB  been 
chosen  because  no  other  numerical  information  has  been  retained  near  the  gyro 
on  the  minimal  display.  Only  absolute  position  information  is  shown  in  the 
form  of  digital  read-outs i  altitude  on  the  left  and  range  on  top  of  the 
display  area.  Rate  of  descent  and  range  rate  can  be  perceived  from  the 
"ticking"  of  the  corresponding  absolute  values.  The  closing  rate  can  be  shown 
explicitly  below  the  range,  if  this  is  found  necessary  or  highly  desirable  in 
the  course  of  simulation  experiments.  For  the  pilot's  assurance,  the  co-pilot 
should  call  out  various  flight  information,  like  descent  rate  and  airspeed, 
from  time  to  time. 

The  minimal  nature  of  the  display  is  the  result  of  eliminating  monitoring 
information  from  the  basic  display  and  much  of  che  situation  information  in 
the  central  area  of  the  "maximal"  display,  and  of  having  a  single  mode  for 
localizer  tracking,  glide  slope  acquisition  and  tracking,  deceleration  and 
hover  (Figure  13) ,  ThiB  is  accomplished  by  using  the  DVI  format  and  augmenting 
it  with  error  information.  The  symbology  has  been  chosen  so  that  control 
responses  learned  and  exercised  with  the  DVI  instrument  are  maintained  and 
utilized  over  the  entire  approach  speed  range,  down  to  landing.  Vertical, 
lateral  and  longitudinal  display  elements  and  control  are  discussed  separately 
below. 

The  vertical  symbology  on  the  left  is  similar  to  that  in  the  hover  mode 
of  the  maximal  display,  but  the  meaning  of  the  scale  is  modified  in  order  to 
cover  the  entire  approach.  The  center  of  the  scale  denotes  a  point  on  the 
nominal  path,  traveling  along  with  the  helicopter  so  that  the  pair  of  wheels 
show  the  altitude  deviation  from  nominal.  The  scale  itself  is  an  altitude 
error  scale  and  an  altitude  error  rate  scale  at  tha  same  time  with  the  ranges 
of  ±  5°,  changing  to  ±  50  ft  near  the  ship,  and  ±  500  ft/sec,  respectively. 
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The  symbols  are  made  to  behave  in  the  following  way  us  the  approach 

progresses.  While  flying  on  localizer  before  glideslope  acquisition  the  ASK 

altitude-hold  mode  should  be  on.  Accordingly,  both  the  altitude  and  altitude 
rate  indications  show  deviations  from  level  flight.  There  is  a  negative  glide- 
slope  deviation  not  shown  to  the  pilot  until  this  error  reduces  to  -1  deg 

which  occurs,  assuming  a  3  deg  nominal  glideslope,  nt  1.5  times  the  range  of 

the  tip-over  point  for  the  given  flying  altitude.  At  this  point  automatic 
switch-over  to  glideslope  error  presentation  occurs.  Some  flashing  may  be 
used  to  call  the  pilot's  attention  to  this  occurrence.  From  this  time  on  the 
altitude  deviation  symbol  indicates  the  glideslope  error  which  In  negative 
initially,  while  positive  error  rate  indication  shews  that  the  negative  error 
is  being  reduced  in  level  flight.  Before  the  error  reduces  to  zero  the 
altitude-hold  mode  must  be  turned  off,  The  pilot's  goal  1b  to  reduce  error  and 
error  rate  to  zero  at  the  same  time,  using  the  collective,  while  the  airspeed 
is  held  constant.  The  vertical  error  Hcale,  being  in  degrees,  becomes  more 
sensitive  as  the  approach  progresses;  the  sensitivity  remains  constant  after 
the  range  has  been  reached  where  the  one-degree  error  cone  intersects  the  ten- 
foot  radius  error  cylinder.  The  numerical  values  cited  above  are  subject  to 
modifications  based  on  future  simulator  tests. 

Figure  13  illustrates  the  case  where  the  nominal  glideslope  terminates 
at  a  50-ft  hover  height  over  the  deck  mean.  Actual  height-to-deck  information 
is  shown  by  a  rising  deck  symbol  which  at  hover  should  come  to  rest  between 
the  two  reference  lines  slightly  below  the  vertical  scale.  The  gap  between 
these  reference  lines  and  the  bottom  of  the  scale  1b  such  that  in  calm  water 
the  altitude  "wheels"  indicate  touch-down  when  the  helicopter  wheels  make 
contact  with  the  deck.  If  ship  information  is  available,  the  deck  symbol  can 
indicate  the  rolling  and  heaving  of  the  landing  area. 

The  horizontal  display  has  been  developed  based  on  the  pair  of  needles  on 
the  DVI  which  1b  essentially  a  velocity  command  display  in  helicopter  axes. 

The  same  symbology  iB  augmented  with  a  position  error  Bymbol  in  such  a  fashion 
that  keeping  the  needle  on  the  stationary  double  circle  results  in  a  satisfac¬ 
tory  control  law  for  making  a  correction.  The  cross  hair  components  are 
driven  by  poslton  error  and  error  rate  so  that  with  zero  error  rate  the  cross 
hair  is  on  the  "target."  This  way  the  "fly  to"  nature  of  the  DVI  instrument 
is  maintained.  For  simplicity,  the  minimal  display  employs  constant  gains  for 
the  rate  components  so  that  an  exponential  approach  to  the  "target"  is  made  if 
the  cross  hair  is  kept  perfectly  on  the  reference  circle.  It  iB  recognized 
easily  that  the  croas  hair  in  effect  leads  the  target  motion  with  the  speed 
being  proportional  to  the  distance  between  the  cross  hair  and  the  target.  This 
known  relationship  enables  the  pilot  to  deviate  from  the  exponential  law  In  a 
controlled  fashion,  He  can  lead  the  target  anywhere  he  wishes  and  can  stop 
the  helicopter's  relative  motion  with  respect  to  the  target  by  simply  placing 
the  cross  hair  on  the  target. 

Lateral  directional  control  throughout  the  approach  and  hover  can  be 
divided  into  two  sections  depending  on  the  Ab’F.  control  mode  used:  coordinated 
turn  and  heading  hold.  In  both  modes  lateral  stick  motions  control  essentially 
the  force  component  along  the  helicopter  y-axis.  As  long  as  the  airspeed  is 
held  by  the  ASE,  longitudinal  motion  is  not  controlled  by  the  pilot  and  the 
target  box  representing  nominal  position  moves  only  laterally  representing  the. 
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localizer  deviation  proportional  to  Lhe  angle,  changing  to  a  linear  Beale  as  a 
one-degree  error  becomes  less  than  a  ten-foot  error.  When  the  airspeed  is 
high  enough  to  allow  for  turn  coordination  by  the  ASE,  only  lateral  stick 
inputs  are  needed  for  localizer  tracking.  At  such  speeds  the  drift  angle  is 
not  very  large  and  localizer  error  correction  can  be  made  using  very  gentle 
turns  controlling  the  rate  of  change  of  the  error  rate. 

The  time  constant  of  a  perfect  correction,  keeping  the  cross  hair  nulled 
at  all  times,  is  determined  by  the  ratio  of  the  error  rate  and  error  display 
gains.  Ratios  of  three  to  five,  corresponding  to  time  constants  of  three  to 
five  seconds,  have  been  found  satisfactory  in  the  past.  A  ratio  of  five  means 
that,  e.g.,  a  symbol  displacement  for  a  2  ft/sec  error  rate  is  the  same  bb 
that  for  an  error  of  10  ft-  In  practice,  the  noisiness  of  the  rate  information 
is  usually  the  limiting  factor  on  the  display  gain. 

After  deceleration  has  been  initiated  the  same  control  policy  can  be  used 
as  long  as  ASE  turn  coordination  is  effective  and  keeps  the  side  force  zero. 

As  the  airspeed  is  decreasing  a  continuous  heading  change  ia  needed,  except 
in  the  very  simplest  case  when  all  the  velocity  vectors  involved  are  aligned. 

At  low  speeds  the  controlled  task  becomes  more  difficult  because  the  pilot 
must  use  the  pedals  to  keep  the  ball  approximately  centered.  In  summary, 
localizer  tracking  throughout  most  of  the  approach,  with  the.  ASE  on,  can  be 
accomplished  in  a  straightforward  manner  keeping  the  cross  hair  "nulled"  by 
means  of  ba»  angle  corrections  only. 

For  x-axis  control  the  horizontal  bar  of  the  cross  hair  is  used  essen¬ 
tially  as  a  velocity  command  symbol  like  the  corresponding  needle  of  the  DV1 . 
While  the.  ASE  holds  airspeed  this  bar  can  be  used  to  indicate  deviations  from 
the  set  value.  Deceleration  can  be  commanded  by  this  bar  as  follows.  As 
discussed  in  connection  with  the  Approach  flode  of  the  maximal  display,  given 
the  range  to  the  ship  and  the  closing  rate,  the  range  at  which  deceleration 
is  to  be  initiated  and  the  velocity  profile  for  a  given  deceleration  can  be 
predetermined  in  a  straightforward  manner.  The  bar  would  remain  nulled 
throughout  the  deceleration  if  the  varying  closing  rate  were  always  controlled 
to  the  value  pre-calculated  for  the  decreasing  range.  This  can  hardly  be  done 
perfectly,  considering  the  lag  between  an  attitude  change  and  the  corresponding 
speed  change.  The  deviations  of  the.  bar  are  to  be  proportional  to  the  closing 
rate  deviations  from  the  pre-calculated  nominal  profile.  This  raw  error 
information  may  have  to  be  augmented  by  lead  information  in  order  to  reduce 
the  work  load  during  deceleration.  In  order  to  minimize  the  transient  effects 
at  the  initiation  of  the  deceleration,  warning  of  the  upcoming  maneuver  may  be 
provided  by  flashing  of  the  horizontal  bar  and  only  a  gradual  increase  in 
deceleration  should  be  commanded.  In  addition,  the  pilot  knows  the  pitch 
attitude  change  needed  for  a  given  deceleration. 

During  most  of  the  deceleration  a  longitudinal  position  error  is  not 
really  meaningful.  In  the  minimal  display  true  longitudinal  situation  is 
shown  in  the  central  area  only  near  hover.  If  the.  approach  is  flown 
correctly,  hoth  the  target  box  and  the  cross  hair  are  near  the  null  circles  at 
all  times.  At  a  range  of  100  ft  from  the  nominal  hover  point  the  box  refer¬ 
ence  switches  to  the  nominal  hover  point.  At  the  instant  of  switching,  the  box 
jumps  from  the  vicinity  of  the  null  circles  to  the  nominal  hover  point  in 
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helicopter  axes,  near  the  top  of  the  display  area,  with  the  proper  orienta¬ 
tion,  and  enlarged  to  scale  to  indicate  the  size  of  the  landing  area,  From 
this  time  on  both  cross  hair  component-  move  with  the  same  error  and  error 
rate  gains,  leading  to  an  exponential  final  approach  to  the  hover  point  if  the 
cross  hair  remains  centered,  xt  should  be  noted  that  the  ship  is  a1 ready  in 
view  well  before  the  reference  point  switching  to  hover  occurs  bo  that  the 
situation  information  can  be  verified  instantly. 

In  summary,  the  minimal  display  for  two-pilot  operation  described  above 
employs  symbology  derived  from  the  DVI  panel  instrument  used  as  a  hover  aid. 
That  symbology  is  augmented  to  provide  localizer  and  glide  Blope  errors 
throughout  the  approach  and  situation  information  in  three  dimensions  near 
hover.  The  velocity  command  feature  of  the  DVI  format  1b  used  to  command  a 
predetermined  deceleration  profile. 

A  great  deal  of  attention  has  been  given  to  choose  the  arrangement,  the 
various  display  modes  and  the  symbols  in  such  a  way  that  any  disorientation 
arising  from  the  image  of  the  moving  Bhip  behind  the  display  be  possibly 
eliminated.  Nevertheless,  exploratory  simulator  experiments  may  well  lead  to 
some  modifications  in  both  the  "maximal"  and  the  "minimal"  displays,  and  final 
verification  can  come  only  from  flight  experiments  because  of  the  difficulty 
of  duplicating  in  the  simulator  the  details  of  actual  ship  lighting  conditions. 

An  evaluation  of  the  HMD  is  planned  aB  part  of  u  NAVTOLAND  SH-2F  simula¬ 
tion  to  be  conducted  at  the  NASA  Ames  Research  Center  in  1982.  The  moving 
base  simulation  facility  to  be  used  incorporates  a  wide  f iald-of-view  computer 
generated  image  system.  Figure  14  shows  the  simulator  and  the  actual  field- 
of-view  available  from  the  right  seat  of  an  SH-2F .  A  calligraphic  symbol 
generator  will  drive  the  Honeywell  HMD.  The  existing  SH-2F  mechanical  flight 
control  and  ASE  will  be  simulated.  The  experimental  task  will  be  a  decel¬ 
erating  IMC  approach  to  breakout  and  subsequent  landing  aboard  a  DD-963  class 
destroyer. 
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HEAD  UP  DISPLAY  OPERATIONAL  PROBLEMS 


Richard  L.  Newnan 

Crew  SysteMs  Consultants 
Yellow  Spring®#  Ohio 


BACKGROUND 


The  heed-up  display  (HUD)  is  an  outgrowth  of  the 
*f  lading  gunsight  of  World  War  II#  In  such  gun  sights#  the 
aininq  synbol  was  generated  as  a  bean  of  light#  projected 
upwards  froM  the  top  of  the  i  nutriment  panel#  and  reflected 
towards  the  pilot  by  a  senitr ansparent  Mirror  placed  in  his 
view  through  the  windshield*  If  the  design  is  correct#  the 
pilot  will  sea  the  symbol  "floating"  in  his  view  of  the 
outside  scene.  Several  advantages  arise  free  this  type  of 
gunsight!  the  aiming  symbol  can  be  Moved  to  eoMpwnsatw  for 
range#  drift#  or  other  factors!  the  iMage  of  the  aining 
syMbol  can  be  focused  to  forM  a  virtual  iMage  overlying  the 
target  with  no  accommodation  shift  needed  and  el  i Miniating 
parallax  errors!  and  the  brightness  of  the  syMbol  can  be 
easily  adjusted  to  allow  for  variations  in  aMbient  light 
levels* 

It  takes  no  great  anount  of  Pagination  to  see  the  newt 
step  in  the  developMent  oT  the  HUD  —  the  addition  of  flight 
information  to  the  virtual  iMage.  In  fact#  this  can  be  our 
working  definition  of  a  head-up  display!  a  cockpit  display 
that  presents  flight  data  in  the  forM  of  a  virtual  iMage  in 
the  pilot's  view  of  the  real  world.  The  requirement  for 
flight  data  disqualifies  siMple  reflecting  gunsights*  The 
need  for  a  virtual  in  age  el  initiates  such  devices  as 
angle-of- attack  indexer  lights  or  peripheral  cues  such  as 
Moving  barber  poles.  As  useful  as  these  devices  May  be# 
they  are  to  HUDs  what  iron  sights  are  to  lead-coMputinq 
reflecting  gunsights.  Host  such  displays  should  be  called 
peripheral  cues#  not  h»ed-up  displays. 

In  the  mid-to-late  19A0s»  the  HUD  was  developed  to  the 
point  where  it  could  b«  included  in  the  weapon  delivery 
systeMs  of  Military  fighters#  The  first  two  significant  US 
aircraft  to  use  head-up  displays  were  the  A-7D/E  (Corsair 
II)  and  the  AV-8A  (Harrier),  Both  of  these  aircraft  are 
single-sent  attack  aircraft.  In  both  cases#  the  driving 
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rational©  for  using  a  HUD  was  to  upgrade  the  guri/bombsights 
used  in  previous  attack  airpl  .  "?». 

The  two  HUD*  differ  from  one  another  in  their  dBta 
presentations.  The  AV-8A  HUD  is  a  direct  outgrowth  of  th© 
early  E'.ritish  approach  to  head-up  displays  which  suggested 
that  the  symbology  need  not  be  conformal  to  the  real  world, 
but  rather  only  an  approximate  overlaying  of  symbols  and 
real  world  cues  is  desired  (1).  The  primary  symbol  in  the 
Harrier  HUD  is  an  "aircraft  symbol"  which  indicates  the 
pitch  attitude  of  the  airplane.  The  pitch  and  heading 
scales  are  compressed  from  the  real  world  by  a  factor  of 
511 . 


The  A-7D/E,  on  the  other  hand,  derives  its  data  from  an 
inertial  platform  and  the  flight  path  data  is  scaled  and 
presented  so  that  it  conforms  to  the  real  world  cues.  While 
the  display  references  are  conformal  to  the  real  world,  this 
display  can  not  be  said  to  be  a  contact  analog,  but  rather 
is  a  conformal,  symbolic  display.  The  primary  flight  symbol 
in  the  A-7  HUD  is  the  velocity  vector  showing  the  aircraft's 
flight  path. 

In  addition  to  other  f ighter /attack  airplanes,  certain 
0130  and  CH-3  helicopters  have  been  equipped  with  HUDs  as 
an  aid  in  recovering  parachute  packages  in  mid  air.  These 
HUDs  are  electromechanical  HUDs  which  conformal  within  the 
limits  of  the  electromechanical  display.  They  also  include 
a  director  cue  within  the  display  designed  to  guide  the 
pilot  in  flying  a  precise  trajectory  to  a  given  point.  The 
pilot  superimposes  the  aiming  symbol  on  the  HUD  with  a 
target  (a  runway  threshold  or  in  this  case  a  parachute)  and 
flies  the  aircraft  on  a  precise  trajectory  to  the  target. 

The  final  HUD  type,  mentioned  briefly  above,  is  the 
contact  analog.  The  major  proponent  of  such  a  display  is 
Klopf stein  <2) ♦  In  this  display  <a  subtype  of  the  conformal 
HUD),  the  display  consists  of  realistic  cues  mimicking  the 
real  world  cues  ■ —  such  as  an  artificial  runway.  In  the 
extreme,  no  quantitative  data  at  all  is  presented,  only  the 
relationships  between  various  angles  gives  the  pilot  his 
speed,  altitude,  and  flight  path  cues.  No  operational 
aircraft,  to  our  knowledge,  uses  this  type  of  display. 

Each  of  these  HUD  displays  has  proponents  who  can  show 
by  means  of  simulator  and  flight  experiments  that  a 
particular  design  is  superior  for  a  given  task.  These 
experiments,  particularly  simulator  experiments,  do  not 
adequately  reproduce  the  operational  environment.  With  this 
in  mind,  we  set  to  use  the  very  large  store  of  HUD 
experience  in  the  US  Military  today  as  a  means  of  examining 
the  advantages  and  disadvantages  of  the  various  HUD  designs 
presently  in  operational  use. 


Ikl 


•  This  study  was  an  outgrowth  of  an  earlier  survey  by 
Harnett®  (3),  who  surveyed  A-7D*  F-15*  and  F-lll  pilots* 
His  conclusions  were  that  there  were  problems  with  the 
instrument  crosscheck  between  HUD  and  panel*  This  problem 
was  made  more  acute  by  the  lack  of  adequate  HUD  failure 
Monitoring  and  the  lack  of  required  flight  data.  Barnette 
also  reported  that  Many  pilots  indicated  an  increased 
tendency  towards  vertigo  or  disorientation  while  flying  by 
reference  to  the  HUD  in  instrument  Meteorological 
conditions.  The  flight  procedures  necessary  to  use  the  HUD 
as  a  primary  flight  reference  were  not  adequately  covered  in 
the  various  publications  and  technical  orders*  Barnette 
concluded  that  "extensive  research  is  required  to  determine 
if  the  HUD  can  be  used  as  a  primary  flight  reference  system. 
In  the  absence  of  this  research*  the  full  potential  of 
head-up  display  may  never  be  realized." 

A  final  factor  influencing  this  paper  was  the  long 
learning  times  noted  in  previous  HUD  flight  exper imerits .  In 
two  particular  evaluations*  fairly  long  learning  times  had 
been  noted  for  the  pilots  to  reach  steady  state  performance 
<4)  . 


HUD  SURVEY 


..  The  objective  of  the  survey  was  to  obtain  froM 
operational  (as  opposed  to  engieer ing >  1  pilots  their 
assessment  of  how  well  the  head-up  displays  do  their  job  of 
helping  the  pilot  to  fly  the  airplane*  The  survey  was 
restricted  to  the  so-called  common  modes  of  flight*  not  to 
tactical  uses  of  the  HDDs  in  weapons  delivery.  Over  four 
hundred  questionnaires  were  circulated  to  pilots  flying 
HUD-equipped  airplanes. 

Because  of  the  vast  majority  of  HDDs  today  are  in 
fighter  oi  attack  aircraft*  most  of  the  questionnaires  were 
sent  to  pilots  flying  fighter  or  attack  airplanes.  A  few 
were  sent  to  pilots  flying  transports,  such  as  the  Lockheed 
Hercules  (both  military  and  civilian),  the  Boeing  737  and 
the  Dassault  Merrure*  Some  were  also  sent  to  pilots  flying 
the  HUD-equipped  CH-3E  (MARS)  helicopters.  The  balance  of 
this  paper  will  concentrate  on  fighter /attack  head-up 
displays* 

The  issues  covered  in  these  questionnaires  included  an 
estimate  of  the  degree  to  which  the  responding  pilot  felt  he 
used  the  H'JD  in  various  phases  of  flight  and  in  various 
weather  conditions.  He  was  also  asked  to  describe  any 
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that  he  had  encountered  while  using  the 


particular  problems 
HUD 

\ 

Tl^e  remaining  questions  dealt  with  specific  items  of 
interest^*  his  perception  of  HUD  training*  and  his  views  of 
what  data  was  required  in  a  HUD  to  be  used  as  »  primary 
f 1 i g h  t  ref w  r e  n  c  e . 


Additional  follow-up  questionaires  and  interviews  were 
given  to  selected  pilots  during  their  first  year  of  flying 
HUD -equipped  aircraft.  All  of  these  pilots  were  Air 
National  Guard  pilots  flying  A-7D  airplanes.  This  last 
effort  was  an  attempt  to  determine  if  their  HUD  problems 
changed  during  their  first  two  to  three  hundred  hours  as 
they  became  More  experienced  with  HUDs. 

Broadly  speaking*  the  results  can  be  divided  into  three 
general  categories}  hardware-related*  software-related*  and 
procedural  probleMS.  The  hardware-related  problems  Most 
often  reported  by  the  pilots  include  an  improper  location  of 
the  design  eye  reference  point  <DERP>  of  the  HUD  and 
inadequate  control  of  the  brightness  control*  particularly 
at  the  Mi  ml  mum  levels  of  brightness  needed  at  night.  Many 
pilots  also  commented  that  they  would  prefer  a  wider  field 
of  view. 

The  pilots  complained  that  the  location  of  the  DERP  was 
generally  too  low.  It  would  appear  that  the  location  of  the 
HUD  exit  pupil  does  not  take  into  account  the  practice  of 
fighter  pilots  sitting  as  high  as  possible  in  the  cockpit  to 
Maximize  their  external  field  of  view. 

The  brightness  complaints  generally  are  critical  of  the 
Minimum  useful  levels  of  brightness.  The  intensity  (at 
night)  seems  to  go  from  "too  bright"  to  "off."  These 
hardware  complaints  appear  for  all  of  the  HUDs  in  the  survey 
and  so cm  to  be  generic  problems. 

The  software  problems  include  complaints  about  the 
display  dynamics*  increased  tendency  toward  disorientation 
while  flying  with  the  HUD  as  the  primary  flight  reference* 
and  problems  associated  with  flying  the  instrument  landing 
system  <ILB)  approach  using  the  HUD.  Those  problems  will  be 
amplified  in  the  next  section  of  the  paper. 

Procedural  complaints  include  a  lack  of  HUD  checkout* 
the  learning  times  necessary  to  reach  steady-state 
performance*  and  a  lack  of  procedures  with  which  to  fly  the 
airplane  by  reference  to  the  HUD.  These  too  will  be 
amplified  later  in  the  paper. 

Details  of  the  survey  including  the  population  sample* 
and  the  results  are  available  < 5 ) . 


HUD  DYNAMICS 


The  re  in  pon  me  of  the  HUD  symbols  duet#  not  appear  to  be 
adequately  controlled  by  the  specif  ications  ♦  Typical! 
d  e  lit  c  r  i  p  t  i  o  n  at  b  y  the  pilots  i  n  c  1  u  d  e  e  m  press!  o  n  s  as  "  t  o  o 
sensitive"  or  "jitter*"  The  premerit  daiy  HUD  specifications 
do  not  address  thin  issue*  but  simply  describe  the  symbols 
aim  at  "lti  correspondence  with  the  roll  end  pitch  of  the 
aircraft"  (A).  No  went  ion  is  made  of  the  dynamic  response 
of  the  symbols.  It  must  be  emphasized  that  the  description 
of  any  display  cannot  be  of  a  static  picture.  The  relative 
motion  within  the  display  in  response  to  control  inputs  or 
disturbances  must  be  shown  as  well* 

According  to  the  miltary  standard  for  electronic  and 
optical  displays#  the  velocity  vector  is  normally  damped  to 
make  it  usable#  but  the  amount  of  damping  is  dependent  on 
the  system  (7 ) .  This  same  document  also  states  that  the 
velocity  vector  should  show  the  velocity  vector  of  the 
aircraft  center  of  gr mvity  < eg > *  In  tests  reported  by  SAAR* 
the  pilot's  tusk  is  much  easier  if  some  display  quickening 
is  provided  by  having  the  symbol  show  the  velocity  vector 
some  distance  in  front  of  the  aircraft  eg  <B>.  In  the  case 
of  the  Vlggin#  a  location  eight  feet  in  front  of  the 
aircraft  eg  was  used.  This*  together  with  a  pitch  rate 
feedback*  helped,  the  pilot  control  the  airplane  much  more 
accurately  * 

An  additional  complication  is  the  lack  of  mechanical 
lags  in  electronic  displays.  Such  lags  are  present  in 
virtually  all  round  dial  instruments  and  their  absence  may 
explain  the  frequent  comment  of  "too  much  jitter."  This 
will  also  be  a  consideration  as  electronic  head-down 
instrument  displays  become  common. 

The  choice  of  a  one- Ur-one  scale  for  the  primary  symbol 
may  not  be  optimum.  The  early  British  school  suggested  that 
some  degree  of  pitch  and  roll  compression  provided  for 
better  tracking  scores  in  simulator  tests  (9).  In  recent 
tests*  reported  by  Monagen  and  Smith  (10) »  indicates  that 
the  pitch  scaling  prefered  by  the  pilots  depends  largely  on 
the  particular  mi»nuevw’,s  being  performed.  One-to-one  pitch 
scaling  was  preferred  for  the  IL,S  task*  while  large  amounts 
of  pitch  compression  were  chosen  for  large  amplitude 
manuevers. 

In  view  of  the  lack  of  adequate  control  of  the  HUD 
dynamics  by  the  specification*  it  is  not  surprising  that 


245 


those  HUD#  which  had  ■ ' i  s t  c a m ft  1  win t s  s e e m e d  to  have  some 
form  of  dissatisfact  l.;i  -  with  the  reuporise  character  i«tic« 
high  on  the  Hint*  It  would  appear  that  a  better  control  of 
the  display  dynamics  is  required.  Unfortunately#  this  is 
not  possible  at  present  without  defining  what  la  de n*:lred  for 
which  airplane  and  for  which  flight  tin  ok . 

Perhaps  the  Most  disturbing  facet  of  this  survey  and 
Barnette's  earlier  survey  (3)  is  the  reported  increased 
tendency  towards  spatial  disorientation*  Approximately 
thirty  percent  of  the  responding  pilots  reported  that  the 
HUD  tended  to  increase  vertigo  or  disorientation* 
HUD-induced  disorientation  is  reported  to  be  con non  in  a 
number  or  inflight  situations*  The  Most  coHMon  of  these  is 
when  flying  the  airplane  in-and-out-of  clouds*  Another 
scenario  involves  confusing  cues  while  flying  the  HUD  on 
solid  instruMents  in  a  strong  crosswind#  The  lateral  offset 
of  the  velocity  vector  was  the  cause  in  this  situation.  The 
other  instances  reported  were  the  high  susceptibility 
situations  as  night  pull-ups#  unusual  attitude  recoveries# 
formation  flying#  and  air  combat  nanuever ing  (ACM)* 

There  M«y  be  several  factors  causing  this  potentially 
serious  problem  in  the  use  of  HDDs  instrument  flight*  The 
primary  cause  of  pilot  disorientation  is  conflicting  cues  as 
to  his  orientation*  A  possible  cause  could  be  a  subtle 
misalignment  of  the  HUD  cues  with  the  real  world  cues*  If 
the  pilot  has  strong  expectations  that  the  HUD  cue  will 
overlie  the  real  world#  any  Misalignment  May  create  a 
reduction  in  the  perceived  accuracy  of  either  cue#  possibly 
below  the  conscious  level  of  perceiving  the  misalignment# 
If  this  is  the  case#  then  Inertially  driven  HliDs  could  have 
a  different  degree  of  promoting  disorientation.  An  Inertial 
HUD  should  be  much  more  accurate  than  an  air  mass  HUD* 
However#  if  the  inertial  data  doesn't  satisfy  the  accuracy 
needs#  then  air  mass  data  may  induce  less  disorientation 
because  the  pilot  May  have  lesser  expectations  and  not  have 
difficulty  with  misalignments*  The  question  of  pitch  and 
roll  compression  should  impact  greatly  on  this  issue, 

Another  factor  is  the  reinforcement  of  the  optokinetic 
stimulus  by  vestibular  nystagmuc  as  a  rapid  roll  is  entered 
(ID*  This  means  that  objects  in  the  external  field  are 
clear  while  the  instruments  are  blurred  early  in  the  roll* 
As  the  roll  progresses#  the  opposite  is  true  the  external 
view  is  blurred  and  the  instruments  become  clear*  It  is  not 
clear  what  the  effect  of  viewing  a  virtual  image#  part  of 
which  is  attitude  stabilized  and  part  of  which  is  not# 
during  such  a  manuever# 

Another  factor  that  may  be  important  in  causing 
disorientation  when  flying  by  refernce  to  the  HUD  is  the 
visual  background#  even  if  no  alignment  is  possible*  If  a 
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pilot  files  through  a  cloud  using  the  HUD*  ths  background 
will  be  seen  to  be  approaching  rapidly*  It  is  a  wall  known 
illusion  that  if  we  remove  a  rapidly  waving  background*  the 
remaining  images  will  appear  to  nova  in  tha  opposite 
direction*  In  our  case*  tha  HUD  symbols  would  appear  to 
recede  from  the  pilot*  A  second  factor  was  reported  by 
Roscoe  <12)  who  likened  the  problem  to  the  noon  illusion* 
While  the  HUD  is  focussed  at  infinity*  the  cloud  nay  act  as 
an  "aeeonnodation  trap"  waking  the  pilot's  eyes  focus  at  a 
closer  distance*  This  would  wake  the  HUD  images  appear  to 
"bloow « " 

Other  factors  could  influence  the  tendency  toward 
spatial  disorientation  —  confusing  backgrounds*  tha  lack  of 
a  raster  in  a  set  of  line  images*  lack  of  pilot  confidence 
are  awoung  these*  Again*  further  research  is  needed  to 
quantify  the  problew  arid  isolate  the  cause  or  causes. 


TRAINING  ISSUES 


It  was  apparent  during  the  course  of  this  study  that 
very  little  attention  is  being  directed  to  initial  (or 
recurrent)  HUD  training  for  the  military  pilot*  The 
overwhelming  observation  is  that  the  problew  is  being 
ignored  in  both  the  airplane  flight  manuals  and  in 
instrument  flight  publications*  The  general  apporach  to  HUD 
checkout  in  the  airplane  is  to  provide  a  brief  description 
and  a  short  cockpit  orientation  of  the  the  switch  locations* 
A  significant  problem  with  the  use  of  HUDs  way  be  the 
organizational  attitudes  of  the  particular  units  flying  the 
airplanes ' 


Several  particular  HUD  training  problems  were  observed 
during  this  study  the  use  of  the  velocity  vector  as  a 
flight  control  parameter*  the  instrument  procedures*  and 
looking  through  the  HUD. 

HDDs  have  introduced  a  new  dimension  into  flight 
control*  the  use  of  the  velocity  vector  to  replace  or 
supplement  aircraft  pitch  as  a  control  parameter*  This 
concept  is  a  new  one  to  most  pilots  and  way  not  appear  to  be 
natural  at  first*  This  may  create  problems  for  those  pilots 
trained  in  attitude  flying*  Unfortunately*  many  pilots  do 
not  realize  that  they  don't  understand  the  difference 
between  flight  patch  and  pitch  reference*  One  pilot  In  our 
survey  said  "I  know  I'm  nose  high*  but  the  velocity  vector 
shows  level  flight*"  Several  pilots  who  were  followed 
during  their  first  year  of  HUD  flying  appeared  to  change 
their  control  strategies  with  respect  to  the  use  of  the 
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velocity  vector  as  tine  went  on*  Bone  devloped  problem 
with  control  strategies  only  after  one  or  two  hundred  hour® 
of  HUD  flying* 

The  second  training  problem  involves  just  how  to  use 
the  HUD*  In  some  airplanes*  the  HUD  is  the  primary  flight 
reference*  yet  instrument  procedures  are  taught  using  the 
conventional  panel  instruments.  The  instrument  check 
flight*  may  also  be  flown  using  round  dials  alone*  Some 
pilots  reported  difficulties  in  switching  quickly  from 
flying  a  velocity  vector  and  angle  of  attack  strategy  to  a 
pitch  attitude*  vertical  velocity*  and  airspeed  strategy* 

The  use  of  the  HUO  has  severe!  facets  that  Must  be 
addressed  during  training*  The  student  must  be  taught  where 
and  how  to  look  at  the  specific  cues  of  interest*  He  must 
also  be  shown  how  the  HUD  responds  to  control  inputs  and 
outside  disturbances*  It  is  instructive  to  compare  the 
casual  HUD  training  in  the  military  with  the  careful 
instruction  HUD  vendors  give  during  flight  demonstrations 
and  with  the  HUD  training  syllabus  of  Air  Inter*  the  French 
airline  using  HDDs  for  category  III  operations  <13>* 

The  HUD  would  also  be  extremely  useful  during  primary 
pilot  training  as  a  means  of  demonstrating  the  different 
concepts  of  pitch*  angle  of  attack*  flight  path  angle*  and 
other  control  parameters*  The  pilots  in  our  survey 
indicated  that  such  a  use  of  HUD  would  be  quite  beneficial. 
Although  concern  about  the  student  pilot  becoming 
ovardeponderit  on  the  display*  there  is  some  evidence  that 
having  been  exposed  to  a  HUD  make*  a  more  proficient  pilot 
even  after  the  HUD  is  taken  away  <14). 


CONCLUDING  REMARKS 


A  number  of  operational  problems  associated  with 
head-up  displays  have  been  identified.  While  we  have 
identified  problem  areas*  it  must  be  remembered  that  the 
HDDs  were  generally  so  beneficial  in  helping  the  pilot  fly 
better*  that  the  pilots  readily  used  the  HUDs*  problems  arid 
all*  There  is  no  question  that  merty  of  the  HUDs  in  use 
today*  which  were  not  designed  for  use  as  an  instrument 
flight  reference  and  which  have  certain  deficiencies  are 
better  than  many  of  our  head-down  instrument  panels.  The 
bottom  line  is  that  the  pilots  use  HUDs  because  they  work* 
Solving  the  few  problems  will  make  them  work  better* 

Several  areas  are  recommended  for  further  research  and 
development*  A  flight  experiment  is  necessary  to  evaluate 
variations  in  the  dynamic  response  of  the  display  symbols  in 
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flight  for  various  sets  of  flight  nariuevers  and  for  various 
types  of  airplanes*  The  results  of  this  ewperinent  will 
enable  us  to  write  better  specifications  dealing  with  the 
dynamic  response  of  HUt)  synbols*  The  sane  flight  test  could 
also  evaluate  the  accuracy  reguirenents  (i.  e*  inertial 
versus  air  nass  data)  for  HUDs*  This  exp  eri  Merit  must  be 
perforned  in  flight  since  we  can  not  fully  nodal  all  of  the 
dyrianic  cues  in  sinulators*  The  DEFT  NT-33  is  an  ideal 
vehicle  for  such  a  flight  test  <i0>. 

At  the  sane  tine*  preferably  in  the  sane  vehicle*  we 
need  to  further  deternine  what  causes  the  increased  tendency 
toward  spatial  disorientation*  Again  because  of  the  nany 
cues  to  be  nodeled*  such  a  test  nust  be  conducted  in  flight* 

The  training  to  naxinixe  the  benefit  of  HUD  use*  both 
in  terns  of  HUD  checkout  and  in  terns  of  prinary  pilot 
training  should  be  exanined.  Procedures  to  naxinixe  the 
ability  of  the  pilot  to  fly  using  the  HUD  and  still  Monitor 
his  other1  instrunents  (and  discrepancies  in  the  real  world) 
Must  be  developed*  evaluated  and  incorporated  into  our 
initial  and  recurrent  training*  The  instrunent  flight 
publications  nust  be  updated  to  reflect  these  procedures* 

In  closing*  we  wish  to  enphasixe  that  we  were  looking 
for  problens*  We  found  some*  In  spite  of  these  problemi* 
with  the  exception  of  certain  head-up  displays  with  obvious 
hardware  deficiencies*  the  Majority  of  the  pilots  surveyed 
used  the  HUDs  because  the  HUD  provided  something  they 
wanted.  The  button  line  is  HUDs  work  arid  they  work  now* 
What  we  need  to  do  is  take  a  little  tine  and  nake  then  work 
better . 
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"LIGHT  BAR"  ATTITUDE  INDICATOR 


In  November  of  1979,  the  Wing  Commander  of  the  9th  Strategic 
Reconnaissance  Wing  at  Beale  Air  Force  Base  made  an  informal 
request  to  the  Dryden  Flight  Research  Center  for  assistance  in 
easing  the  task  of  high  altitude  night  flying.  The  types  of 
aircraft  being  flown  -  the  SR-71  and  the  U-2,  are  less  tolerant 
of  attitude  upsets  than  most.  In  both  aircraft,  unusual  attitudes 
can  develop  rapidly  while  the  pilot  is  coping  with  other  dif¬ 
ficulties. 

The  problem  was  discussed  with  the  pilots  at  DFRC  and  Einar 
Enevoldson  recalled  a  Canadian  magazine  article  describing 
an  installation  in  a  helicopter  for  arctic  night  flying.  We 
later  discovered  that  this  was  a  description  of  an  instrument 
developed  by  Dr.  Richard  Malcom.  To  achieve  the  same  result  as 
Dr.  Malcom' s  instrument  -  the  projection  of  an  artificial 
horizon  across  the  instrument  panel  for  pitch  and  roll  information, 
DFRC  modified  a  standard  four  inch  ADI.  A  light  bulb  was  put 
in  the  center  and  a  thin  slit  out  on  the  horizon.  This  resulted 
in  a  thin  horizontal  sheet  of  light  projected  from  the  instru¬ 
ment.  We  had  used  a  similar  instrument  in  1968  as  an  aid  in 
simulator  flying  (figures  1  and  2) . 

Because  of  a  lack  of  priority,  funds  and  official  program  status, 
it  was  mid-February  1980  before  we  had  an  instrument  installed 
in  the  ground  cockpit  of  a  remotely  piloted  (RPV)  Piper  PA-30. 

The  instrument  was  mounted  beside, the  pilot's  head  and  projected 
its  light  beam  on  the  instrument  panel.  This  proved  to  be  an 
aid  in  flying  the  RPV. 

About  two  weeks  later,  we  heard  of  Dr.  Malcom' a  work  with  the 
Varian  of  Canada  Corporation,  through  Lyle  Schofield  of  the 
Air  Force  Flight  Test  Center.  We  then  invited  him  to  observe 
a  PA-30  flight  using  the  instrument.  Varian,  incidently  has 
the  patent  rights  on  the  concept.  Subsequent  to  this,  we 
installed  it  in  a  Cessna  T-37  jet  trainer,  attached  to  the  canopy 
between  the  two  pilot's  heads.  The  first  flight  was  made  on  the 
night  of  April  9,  1980. 

The  intensity  of  the  projected  beam  is  such  that  it  can  only  be 
seen  in  a  darkened  room  or  at  night.  Figures  3  through  7  show 
the  beam  on  the  instrument  panel  of  the  T-37,  depicting  various 
attitudes.  The  aircraft's  attitude  indicator  uoes  not  correspond 
to  the  attitude  shown  by  the  light  bar  as  the  pictures  were  taken 
on  the  ground. 
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We  have  since  demonstrated  the^ Light  Bar  A. I.,  as  we  call  it, 
to  approximately  50  pilots  of  varying  backgrounds,  SR-71,  U-2, 

A-10,  Test  Pilot  School  instructors,  Brooke's  medical  staff, 

Human  Resources  Lab  staff  at  Williams  AFB,  the  Navy  Post  Graduate 
School  staff,  and  one  Navy  pilot.  We  have  not  had  any  adverse 
comments  and  most  of  them  have  been  enthusiastic , 

./  .  ■  /•/•.  •. .  .  / 

A  summary  of  pilots'  comments  are:  j't  ■  -  /,,y. 

(1)  A  1/4  inch  high  beam  with  sharply  defined  edges  is 

desirable. 

(2)  A  dimmer  for  light  beam  intensity  is  required  to  (>'■...■ 

accommodate  ambient  conditions.  . 

i>  < 

(3)  The  center  of  rotation  of  the  roll  axis  should  be 
located  in  front  of  the  pilot,  otherwise  roll  appears  / f'!\j 
as  pitch. 

h^( 

(4)  A  means  of  slewing  the  boam  vertically  is  required  to 
position  it  on  the  desired  location  on  the  instru¬ 
ment  panel  or  canopy  bow  when  flying  formation. 

(5)  it  eases  pilot  workload  generally  and  allows  constant 
monitoring  of  the  performance  instruments. 

(6)  There  is  a  need  to  investigate  reduced  gearing  in 

the  pitch  axis  in  order  to  maintain  the  beam's  position 
on  the  instrument  panel. 

Some  possible  uses  for  such  an  instrument  to  ease  the  pilot  task 
are : 

(1)  High  altitude  flying,  both  night  and  day. 

(2)  Low  level  night  or  weather  penetration. 

(3)  Night  dive  bombing  under  flare  lighting  (bright  light 
into  darkness  on  pull-out) . 

(4)  Night  carrier  landings. 

(5)  Formation  flying  at  night  or  in  bright  haze. 

(6)  Aerial  refueling  at  night  or  in  bright  naze. 

(7)  General  I.M.C.  flying  both  "up  and  away"  and 
on  approaches. 


1  •/  />  • 
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Two  potential  problems  exist  in  using  the  device: 

(1)  Because  of  the  ease  in  flying  instruments  with  it, 

a  pilot  might  become  complacent.  It  ia  our  belief 
that  the  light  bar  should  be  uued  an  a  supplement  to, 
and  not  a  replacement  for  the  "8-ball"  and  when  an 
"off  condition"  is  detected,  an  immediate  transition 
should  bo  made  to  the  or  basic  instruments 

for  recovery. 

(2)  An  upright-inverted  ambiguity  exists  with  our  instru¬ 
ment  which  we  realized,  and  which  resulted  in  one 
pilot  recovering  from  an  unusual  attitude  inverted. 

It  is  our  opinion  that  traditional  instruments, 
especially  the  "8-bal.l",  offers  the  best  upset 
recovery  assistance. 

DFRC  wants  to  stress  that  our  instrument  is  a  conceptual  dem¬ 
onstrator  only.  Although  it  has  several  shortcomings,  it  has 
been  sufficient  to  generate  interest  within  the  Air  Force 
so  that  several  evaluations  of  the  Varian  instrument  are  being 
conducted. 

To  adequately  demonstrate  that  the  system  provides  the  expected 
benefits:  eased  piloting  task,  improved  sense  of  vertical, 
resistance  ho  disorientation,  is  no  doubt  a  formidable  task. 
However,  our  experiences  lead  us  to  believe  that  a  thorough, 
proper  evaluation  should  be  done.  The  system  tends  to  generate 
enthusiasm  which  may  be  based  on  its  novelty. 

The  Dry den  program  was  to  demonstrate  the  concept  only,  not 
to  develop  an  instrument,  and  we  feel  that  this  has  been 
accomplished.  We  will  continue  to  use  the  instrument  sb  an 
aid  in  the  remotely  piloted  research  aircraft  ground  cockpits 
and  fly  it  in  the  T-37  an  necessary. 


Oryden  Fta^t  Reseat  C^.tet 
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